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THE VALUE OF GRAVITY AT WASHINGTON 
By Paul R. Heyl and Guy S. Cook 


ABSTRACT 


An absolute determination of the value of gravity in the constant-temperature 
room in the second subbasement of the East Building of the National Bureau of 
Standards has given the value 980.08 cm/sec?. This determination was carried 
out with pendulums of fused silica, and special attention was directed to the 
flexure correction. 
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I. INTRODUCTION 
1. PURPOSE OF THE WORK 


The work herein described was undertaken by the National Bureau 
of Standards at the request of the U. S. Coast and Geodetic Survey, 
in order to obtain by absolute measurement the value of gravity at 

base station of the Survey in Washington. Prior to this work the 
value adopted by the Survey had rested upon relative comparisons 
mth the absolute-gravity station at Potsdam, Germany. Several 
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such comparisons had given results for the Survey’s old base station 
at 205 New Jersey Avenue SE., varying by as much as 9 parts in g 
million. In 1900 a direct connection of that station with Potsdam 
and other stations in Europe was made by G. R. Putnam. The value 
obtained for Washington was 980.112. More recently a connection 
was made with Ottawa, Canada, which had an independent connec. 
tion with Potsdam, and the value obtained for Washington was 
980.117. Again, when Dr. F. A. Vening Meinesz, of Holland, brought 
his gravity-at-sea apparatus to this country the value he found for 
Washington was 980.121. In view of these varying results it was 
felt that the Survey’s adopted value of 980.112 was probably too 
small, and that an absolute determination at Washington should be 
undertaken. 

During the progress of this work a new direct connection with 
Potsdam was made in 1933 by Lt. Brown of the Survey. His result 
calculated in terms of the old station, which had then been abandoned 
by the Survey, was 980.118. 

The National Bureau of Standards was interested in such a de. 
termination on its own account also, as the value of g enters into abso- 
lute electrical determinations such as that of the ampere by the cur- 
rent balance. 


2. PREVIOUS ABSOLUTE DETERMINATIONS OF GRAVITY 


Since the publication in 1906 of the result of the absolute determi- 
nation of gravity at Potsdam that station by common consent has 
been the accepted international base. The Potsdam value super. 
seded all previous results, such as those obtained in Austria and in 
Italy, and was regarded as the most precise and authoritative figure 
that had been obtained up to that time. 

For this there was a special reason. All earlier determinations had 
involved an unrecognized error, arising from the flexure of the pendu- 
lum while swinging. Attention had been called to this point on 
purely theoretical grounds by C. S. Pierce ' as early as 1884, but his 
caieleted correction was so large as to seem incredible. 

Ten years later the importance of this correction had been recog- 
nized by Helmert, whose calculations indicated that this error, while 
not as great as supposed by Pierce, was still to be regarded as one of 
the major corrections to be applied to the time of swing. In the case 
of a rather flexible pendulum which had been newly constructed but 
never used, Helmert found by his formula a correction of as much as 
366 parts in a million in the value of g. For a pendulum that had 
been actually used for gravity determinations in France, Helmert 
calculated the flexure correction to be 18 parts per million.’ 

The recognition of the importance of this correction caused Helmert 
to give special attention to this point in the Potsdam determination of 
gravity. This work, begun in 1898, was carried out by Kiihnen and 
Furtwangler under Helmert’s supervision. The published report, 
dated 1906, fills a large volume. 


3. PLAN OF THE PRESENT DETERMINATION 


There appears as yet to be no better method available for the abso- 
lute determination of gravity than that of the reversible pendulum. 


1 U. 8. Coast and Geodetic Survey, Report for 1884, Appendix 16. 
1 Helmert, Beitrage zur Theorie des Reversionspendels, p. 15 and 28, Potsdam, (1898). 
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Study was given to other possibilities, such as the ring pendulum of 
Mendenhall,® but none of these seemed sufficiently promising to be 
worthy of adoption. 

Precision of length measurements would appear to call for as long 
a pendulum as possible, but this at present is about 1 meter. The use 
of a longer pendulum was felt to be inadvisable in view of the fact that 
the technique of measurement of lengths of 4 or more meters, especially 
in a vertical position, as is necessary in pendulum work, is not yet 
sufficiently perfected to give the precision that can be obtained with 
a length of 1 meter. 

There is recorded * the use of a pendulum 21 meters long, but the 
precision attained in the length measurements was only 0.1 mm, about 
| part in 200,000, whereas with a length of 1 meter a precision of 1 
part in a million can be reached. It is to be said, however, that the 
disturbances arising from the imperfections of the knife-edge, which 
(as will appear later) are serious, theoretically should diminish as the 
pendulum is made longer. Largely because of these errors the time of 
swing of a pendulum which superficially might appear capable of meas- 
urement to a precision much exceeding 1 part in a million, actually is 
limited to a precision less than that attainable in length measurements. 

Because of the difficulty of measuring a length defined by two knife- 
edges, and because of the desirability of using several different knife- 
edges with the same pendulum, it was decided to use pendulums of the 
two-plane type. As was first shown by Bessel, this construction 
eliminates in theory the correction for radius of curvature of a knife 
edge. 

One factor of uncertainty in pendulum work has always been the 
temperature correction. It was therefore decided to construct the 
three essential parts of the apparatus—the pendulum, the standard 
scale, and the backbone of the comparator—all of fused silica, thus 
rendering the temperature correction almost negligible. 


II. THE OBSERVING ROOM 


For the observing room there was available the constant-tempera- 
ture vault of the National Bureau of Standards. This vault is that 
which was used in the recent redetermination of the constant of gravi- 
tation.’ It contained a large and a small room. The clock was 
installed in the large room and the pendulum in the small room. An 
opening about 30 cm square in the partition wall allowed the observer 
at the pendulum to see the clock dial when necessary. 


Ill. THE PENDULUM APPARATUS 
1. THE PENDULUMS 


The form of pendulum adopted was dictated by the nature of the 
material used (fused silica) and was of necessity simple. It was an 
approximation to a uniform straight rod supported at one end, for 
which there is a second point of support with the same time of swing, 
se at a point two-thirds of the distance to the other end of 

é rod, 


a 
(qeendenball, Memoirs of the National Academy of Sciences, X, 1st Memoir (1905). 
(ln Russia 


z ov, Annals of the Central Bureau of Weights and Measures, 11-12, Leningrad. (1915-18.) 
‘BS J. Research 6, 1243 (1930) RP256. 
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Each pendulum was made of a tube of fused silica. Four such 
pendulums were constructed, with different diameters to give varying 
flexibilities. To determine the flexibility, the pendulum was sup- 
ported at two points near its ends, and a weight applied at the center, 
The bending was too small to be measured directly, but was deter- 
mined by observing with a telescope the image of a distant scale 
reflected in a mirror attached to the end of the pendulum. In order 
to compare the flexibilities of the different pendulums the quantity 
Qu/ETI was calculated, in which 


Q=Cross sectional area of the tube. 
u= Density. 

E=Young’s modulus. 

I=+Moment of inertia of cross section. 


The silica tubes of which the pendulums were made were not per- 
fectly uniform in cross section, but the above described procedure 
will give average values of EJ and of Qu (the mass per unit length), 
Let D be the distance between the points of support and F the weight 
applied. Then, since the bending is very small, we have at a point 
distant x from the point of application of F: 

FD) 
@y _ Bending moment _ 2\ 2 
 . EI — xt 
dy F (Dx # F ‘ 
dz DEI ~ 5 apy Oe—2) 

The constant of integration is zero since dy/dr=0 if r=0, i. e., at 
the point of application of F. 

At the end of the pendulum where the mirror was mounted z is 
nearly D/2. At this point: 

dy _observed angular displacement _ 
dx 2 ee 
We have then: 





1 _ 16a 

EI FD 
Table 1 gives the data necessary for the calculation of Qu/EI. 
The values of the relative flexibility in the last column are merely 


numbers proportional to Qu/EJ. In measuring the value of « the 
distance from mirror to scale was from 1,000 to 1,300 cm. 


TABLE 1.---Properties of pendulums 





| outside 
Pendulum | Giame- 


number ter 





Radians 


cm 
0.000 24 


cm g Dynes | 
: 153. 6 , ; 6. 86105 | 1.8 
4.5 i 154 5 2.5 | 6.86105 | .000 13 | 1.38X10-13 1.6 
5 5 161 , 63 : 2. 24106.| .000 17 | 4.710" 1.1 
7 157.5 " . 3.43106 | .000 11 | 2.110" 5 


2.4X107!3 
































During the progress of the work pendulum no. 1 was broken, and 
the work was finished with the other three. The broken pendulum 
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was that one which, because of its greatest flexibility, would have had 
the least influence in determining the final result. 

Each pendulum was provided with two planes, upon each of which 
it could be swung in turn. One of these planes was as near as possible 
to one end of the pendulum, and when swung on this plane the pen- 
dulum was said to be in the down position. The second plane was 
located approximately at the conjugate point giving the same time of 
swing, and when swung on this plane the pendulum was said to be in 
the up position. Planes of two materials were used, fused silica and 
stellite. 

For the purpose of attaching the planes to the pendulum, openings 
of the size and shape shown in figure 1 were cut through both sides of 
the silica tube. Through the 10- by 20-mm opening was inserted a 
block (of silica or stellite) of that cross section and long enough to 
project slightly on each side of the tube. One face of this block was 























on | 





Ficure 1.—Opening in silica tube. 


worked optically flat and furnished the plane by which the pendulum 
rested upon the knife-edge. The knife-edge in its mounting was 
inserted through the 12- by 12-mm opening, which allowed sufficient 
room for the swinging of the pendulum. 

The large 20-mm faces of the block were polished, but not to the 
same degree of flatness as the lower face. In the stellite blocks these 
faces served directly as mirrors for observing the flash signals in 
measuring the time of swing. With the silica blocks it was found 
advisable to attach small silvered glass mirrors to these faces. 

In addition, the stellite blocks carried on both 20-mm faces a set 
of fine ruled lines as shown in figure 2, where the blocks are shown 
removed from the pendulum with their optically flat faces B, B in 
contact. While pressed closely together in this position the distance 
between the horizontal lines was determined for later use in measuring 
the length of the pendulum. 

An attempt to rule such lines on the fused-silica blocks was not 
encouraging. This material does not take a ruled line well, the edges 
of the groove being ragged and irregular. Others have found this 
difficulty, and have attempted to overcome it by platinizing the silica 
surface and ruling lines through the platinum film only. Our experi- 
ence with this has been that the lines are of nonuniform excellence, 
good in spots and ragged in others, due probably to a lack of uniformity 
in adhesion or thickness of the platinum film. For this reason we 
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adopted an indirect method of measuring the distance between silica 
blocks in the pendulum, which will be described later. 

When the Shela were in place in the silica tube the mirror face and 
the set of measuring lines could be seen through openings cut in the 
tubes as shown in figure 3. 

At the end faces of all the blocks vertical lines were ruled marking 
the median plane of the block. In setting up the pendulum these lines 
were so adjusted that their prolongations intersected that of the knife. 
edge, which could be done to 0.1 mm. The error in the value of 
arising from a variation in this adjustment is not capable of calcula. 
tion. It is irregular and seems to depend upon a variation in properties 
of the different places in the plane which may be in contact with the 
knife-edge. The experience of the U. S. Coast Survey has led them to 
attach special importance to this point in the construction of thei 
instruments for relative gravity work. By the use of a mechanical 
device for raising and lowering the pendulum the Coast Survey found 
that the knife-edge could be set repeatedly on the same position on 
the plane, and relative values of g accurate to 1 part in a million could 

be obtained. Without this precau- 
A A tion the results varied widely and 
irregularly. 

The blocks required mounting in 
the pendulum with the faces BB 
=p parallel. This was attained by an 

optical method. The silica pendu- 

lum tube was mounted in a larger 

brass tube or jacket and held in 

A A place by setscrews with lead pads. 

Figure 2.—Stellite blocks with ruled This brass jacket was less than 

lines. 100 cm long and enclosed that 

part of the silica tube between the 

places of support, allowing easy access to the holes and the blocks. 

The brass jacket was provided at each end with a circular ring or 

collar, on which the jacket and its contained silica tube could be 

rotated on a support consisting chiefly of two parallel rods. This 

arrangement made it possible to rotate the slightly irregular silica 
tube about a definite axis (fig. 3). 

The silica tube was adjusted by means of the setscrews so as to be 
as nearly as possible concentric with the brass jacket. One of the 
blocks was then inserted in place and held by wooden wedges. A 
miniature 5-volt lamp was placed at the end of the silica tube and the 
image of the filament reflected from the face B of the block was ob- 
served with a telescope as the tube and brass jacket were rotated 
together. The image described a circle, showing that the plane B was 
not perpendicular to the axis of rotation. 

Observation having indicated where the silica surfaces against 
which the face A,A rested needed grinding off, the block was removed 
and a little grinding done by means of a hand tool and a fine grade of 
carborundum powder. To facilitate this process the silica bearing 
surfaces were cut so as to offer a three-point bearing for the block, one 
silica surface being cut out slightly at its center and the other at its 
ends. The block was then replaced and another observation taken. 
It was found possible by repeated trials to adjust the block so that 
the reflected image remained nearly stationary on rotating the tube. 
The precision of this adjustment is indicated by the following figures. 
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The lamp filament was about 2 mm long, and as the tube was rotated 
the radius of the circle described by the image of the filament was in 
no case greater than about one-fifth the length of the filament. The 
distance from telescope to mirror was, at one end of tube, about 120 
cm, and at the other end about 170 cm. The maximum departure from 
parallelism indicated by these figures is about 0.01°. 

A departure from parallelism in the direction of the swing of the 
pendulum, perpendicular to the knife-edge, is of no importance. A 
departure in the direction of the knife-edge reduces the problem to 
that of the horizontal pendulum. As shown by Webster (Dynamics, 
p. 252) the length of the equivalent simple pendulum is increased in 
the ratio 1/cos 6, where @ is the angle made by the knife-edge with the 
horizontal. When @=0.01°, cos 2=0.999 999 99, and the correction 
is negligible. 

Without disturbing the pendulum in its jacket the same process 
was carried out with the second block in its proper place. Each 
face B was thus set perpendicular to the same straight line, the joint 
axis of rotation of the tube and jacket, and hence the two faces B 
were parallel. 

The blocks, held in position by wooden wedges, were then fastened 
in place by a suitable cement, none of which was allowed to reach the 
surfaces A,A. The best cement found for joining stellite to fused 
silica was red sealing wax. For joining silica to silica the best cement 
is fused chloride of silver, which melts at a moderate temperature. 

It was possible to check the parallelism of the faces B,B after cement- 
ing by observing the reflection of the 5-volt lamp from one block with 
the other in place, there being sufficient space above and below the 
blocks to allow of this. 

The next adjustment of the pendulum was that for equal times of 
swing on the two planes of support. To attain this, the silica tube, 
originally longer than necessary, was shortened by cutting off suc- 
cessive slices from its lower end, and finished by grinding slightly. A 
very accurate adjustment is tbus easily possible. The necessity for 
this adjustment arises from the fact that the location of the center 
of gravity of the pendulum is not capable of determination with great 
accuracy. This defect may be counterbalanced by a sufficiently 
close adjustment of the two times of swing. The necessary approxi- 
mation to equality of times is easily calculated. 

The time of swing 7 of the simple pendulum equivalent to a revers- 
ible pendulum of times of swing 7; and 7; is given by the formula: 


T?h— 
: 
on ™ 
where h, and h, are the distances of the center of gravity from the two 
planes of support. If J is the distance between these two planes, 
2=l—h, and eq 1 becomes 

Has T;*hi—Tl+-T,*h, 

2h,—l 





Differentiating and reducing: 


d(x’) _(T?—T,*)l 
dh, (hy—hy)® 
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If + is equal to (7,+7,)/2, as will essentially be the case if r, 7; and 
T; are each nearly unity, 


dr_ (T,—T,)l 
dh, (hy—he)? (3) 


As a numerical example, let /=1,000 mm, h,=700 mm, h,=300 mm, 
and 7,— 7,=0.0001 second. Then 


dr 
dh, 2-000 000 6 


Thus an error dh, of as much as 1 mm in locating the center of 
gravity would make a difference in the time of swing of but 6 parts in 
10 million. As the center of gravity of the pendulum could be readily 
located to one- or two-tenths of a millimeter an adjustment of the 
times to 0.0001 second is sufficient for our purpose. 

The theory of the reversible pendulum requires that the center of 
gravity shall lie in the plane of the two lines of support. When this 
is fulfilled, other asymmetries in a pendulum of the form used by us, 
in which there are no interchangeable weights, are (in a vacuum) self- 
eliminating. This adjustment was tested as was done in the Potsdam 
determination, after the pendulums were adjusted to equality of 
times of swing, by hanging each pendulum on a knife-edge with fine 
plumb lines passing close to the ends of the blocks. When the lines 
on the upper block coincided with the plumb lines, those on the lower 
block were in no case more than 0.2 mm out of line. A departure of 
0.2 mm in 1,000 mm is geometrically of no importance as the cosine 
of the angle is 0.999 999 98. 

The temperature coefficient of expansion of fused silica was taken 
to be 0.000 000 6, and this will of course be the coefficient for a pendu- 
lum with silica blocks. With stellite blocks in a silica pendulum it is 
a more complicated question. The coefficient of expansion of stellite 
varies with different samples from 0.000 011 to 0.000 015. The value 
0.000 013 was assumed in this case. 

Assuming the blocks to be always in contact with the silica bearing 
surfaces, and any differential expansion along the 2 cm width of the 
block to be taken up by the cement, we may calculate the net change 
of length between the planes of support B. Taking the distance 
between these planes to be approximately 100 cm we have: 


104 0.000 000 6—4 0.000 013=0.000 062 —0.000 052=0.000 010 


Dividing by the length, 100 cm, we obtain for the coefficient of ex- 
pansion 0.000 000 1, about one-sixth that of an all-silica pendulum. 
Assuming the value 0.000 011 for the coefficient of stellite, the coefi- 
cient of the pendulum becomes 0.000 000 18. 

The temperature coefficient of time of swing will not be the same 
as that of linear expansion. For an all-silica pendulum, since the 
time of swing is proportional to the square root of the length, the time 
coefficient will be one-half the length coefficient, or 0.000 000 3. For 
a silica pendulum with stellite blocks the matter is not quite so simple. 

Since the mass of a stellite block is small compared to that of the 
pendulum (from 4 to 8 percent) we may (as far as mass is concerne ) 
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assume the pendulum, swung in either position, to be a uniform rod, 
pivoted at a distance h from its center of gravity. The radius of 
gyration of the pendulum about an ayis through its center of gravity 


will be denoted by k._ For a uniform rod, k?=L?/12, where L is the 
total length of the rod. The time of swing in either position will be 


given by 
re y= LP ) 
“Cy & SF 8 jan t" 









Differentiating with respect to the temperature t: 








d(T?) x? 12h x2L5e— Lex 12 dh 
dt ~G| — +5; 
12°h? dt 





Since T is nearly 1 second: 


dT wr fT LdL, dh PP 
7 35| seat 1-77) | oe (4) 


In all the pendulums we have approximately 












L=155 em 
h=70 cm (down) 
h=30 cm (up) 








In the down position we have, therefore, 


L 







TL? > S 

















o =72X0.000 000 6—2><0.000 013=0.000 017 






Substituting in eq 4 











rs =0.000 000 22 ...... 


0 






For the up position 


h=30 cm 


L 
6h 0-86 
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L 
12h? 
dh 


dg 82 % 0.000 000 6—2 0.000 013= —0.000 007 


2.22 


Substituting in eq 4 


dT : 
FP 0.000 000 45 (6) 


As a check on eq 4 we may calculate the time coefficients for an 
all-silica pendulum in the two positions. In the down position 
dh/dt=70X0.000 000 6=0.000 042 and in the up position dh/dt= 
300.000 000 6=0.000 018. The other quantities remain the same. 
Substituting in eq 4 the coefficient in each position comes out 
0.000 000 29, a satisfactory agreement with 0.000 000 3, obtained 
by taking half of the coefficient of linear expansion. 

The temperature corrections to the time of swing given by eq 5 
and 6 were applied to each time of swing, down and up, as these were 
obtained, and the corrected values of 7; and T, thus obtained were 
used in eq 1 to calculate 7* and finally g. No correction of A, or h, 
for temperature is necessary 
in eq 1, as the A values need 
be known only to four figures 
to insure a value of g accurate 
to 1 point in a million. 


2. THE SUPPORTING APPA. 
RATUS AND VACUUM 
CASE 





The knife-edge upon which 

the pendulum swung was 

| mounted in a steel support 

Figure 4.—Brass ring support for knife-edge. (later to be described) of 

such a size that it could 

pass through the 12-mm-square hole in the pendulum with room 

enough to spare for a reasonably large amplitude of swing. This 

steel support rested at its ends in notches cut in a heavy brass ring 

(fig. 4), which in turn was screwed down over a hole in a heavy steel 
shelf which rested on large cast-iron wall brackets (fig. 5). 

The shelf and bracket supporting the pendulum were made especially 
massive and rigid in order that any motion of the support arising from 
the swinging of the penduluin should be as little as possible. The 
cast-iron brackets, weighing about 50 kg each, were bolted into a large 
mass of concrete imbedded in the brick wall of the room. The wall 
was hollowed out to a depth of about 75 cm, the cavity being made 
wider as it became deeper, dental fashion. Boards were placed across 
the cavity, which was about 1 meter square, and bolts set in proper 
position in one of the boards with their heads in the cavity. The 
cavity was then filled with concrete. When the boards were remove 
the brackets were fitted over the projecting bolts and fastened 
place by nuts. 
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FIGURE 6.—Vacuum case for pendulum. 
































FIGURE :9.—Comparator. 
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The steel shelf resting on these brackets was 40 cm square and 4 cm 
thick, with a circular hole 9 cm in diameter over which the brass ring 
was fitted. This ring carried two bolts 180° apart which passed 
loosely through the ring and screwed into the steel shelf. .There were 
also two other bolts at 90° from the first pair which screwed through 
the ring and pushed against the shelf. By means of these pulling 
and pushing bolts the ring and knife-edge could be levelled. 

A departure from level would theoretically alter the time of swing. 
If 6 is the angle made by the knife-edge with the horizontal the 
length of the equivalent simple pendulum will be increased in the 
ratio 1/cos 8. The level used would indicate a difference of 0.001 
radian, of which the cosine differs from unity by 5 parts in 10 million. 

Apart from this geometrical effect there is the possibility of dis- 
turbing the time of swing by increasing the pressure on one-half of 
the knife-edge and decreasing it on the other. A number of experi- 
ments were made to test this point. Thin slips of sheet metal were 
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Figure 5.—Sleel shelf. 














inserted under one end or the other of the knife-edge, by which the 
level could be altered by steps of 0.001 radian. With differences of 
as much as 0.004 radian or more on either side there was always a 
consistent diminution of the time of swing, but for angles differing 
only 0.001 or 0.002 from the bubble level the effects were entirely 
irregular and of the same order of magnitude as were encountered 
in different settings at the bubble level. 

The vacuum case was of brass tubing 16 cm inside diameter, and 
was made in three sections (fig. 6). The central section was bolted 
at its upper end to the underside of the steel shelf, and to its lower 
end was bolted the bottom section. The upper section rested by its 
own weight on the upper side of the steel shelf. Joints were made 
air-tight by a rosin-beeswax mixture. 

The central and lower sections of the vacuum case were never 
removed from position, but the upper section had to be lifted and 
swung away every time the pendulum was to be reversed. For this 
purpose a pulley arrangement was provided. 

Glass windows were provided in the pendulum case wherever 
hecessary, such as where flash observations for coincidences were to 
be made, or where the amplitude of swing was to be measured. In 
the early stages of the work the amplitude was measured by observing 
the lower part of the pendulum by means of a traveling microscope. 
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Later this measurement was made by a beam of light reflected from 
the upper stellite or silica block to a scale about a meter away. 

Outlets were provided in the central section for the pump connec. 
tion and for the pressure gage. A gage of the McLeod type was 
used. Another outlet in the bottom section was provided with 9 
glass stopcock which served as a pneumatic starter for the pendulum, 
In the early stages of the exhaustion puffs of air were admitted through 
this outlet in time with the swings of the pendulum until a suitable 
amplitude was obtained. The stopcock was then closed and the ex. 
haustion finished to less than 0.1 mm. 

Early in the work a quantity of radioactive sand was placed in the 
bottom of the vacuum case to provide against electrification of the 
pendulum. On comparing results obtained before and after introduc- 
ing the sand there was no evidence that it was needed. However, it 
was allowed to remain in the case for the whole duration of the work, 


3. THE KNIFE-EDGES 


Several materials were tried for knife-edges—fused silica, agate, 
stellite, and steel. The behavior of these different materials will be 
later described. 

The silica and agate edges were mounted in a groove in a bar of 
steel, and held in place either by cement or clamping pieces of metal, 
The stellite and steel edges were made in one piece, long enough to 
rest in the grooves in the brass ring and heavy enough to bear the 
weight of the pendulum, about 1 cm wide and high. The working 
edge was ground to an angle of about 135°, and was cut away fora 
space of from 1 to 2 cm in the middle to prevent walking of the 
pendulums. 

No knife-edge can be ground to a geometrically perfect edge, nor 
is it advisable that it should be. On such an edge any finite load, 
however small, would produce an infinite pressure and a consequent 
breakdown of the edge. In Zeitschrift fiir Instrumentenkunde, Jan- 
uary 1932, Schmerwitz describes a method for measuring the radius 
of curvature of a knife-edge. We have constructed an apparatus such 
as was used by Schmerwitz and find that his method can be used in 
practice with an accuracy of about 15 percent. Values for the radius 
of knife-edges, to be mentioned later, were obtained in this way. 


IV. MEASUREMENT OF LENGTH 
1. THE STANDARD SCALE 


The standard scale was constructed of a piece of fused-silica tubing 
about 18 mm in diameter and a little over 1 m long. Near each end 
the tube was cut half way through and a flat silica plate fastened by 
fusion in the diametral plane of the tube (fig. 7). These plates were 
about 12 mm wide and were so placed that their centers were about 
995 mm apart. 

Silica scales have been constructed and observed over a considerable 
period of time at the National Physical Laboratory, in England, where 
it was found, as we have also observed (section III: 1), that silica does 
not receive or preserve graduations well, the material tending to flake 
off at the scratches. For this reason the National Physical Laboratory 
platinized portions of the silica surface and ruled lines through the 
thin coat of platinum without scratching the silica beneath. 
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This plan was tried by us, but difficulty was found in obtaining 
a coat of platinum that would give good lines at all places. Usually 
spots could be found upon which excellent lines could be ruled, but at 
other places it was not possible to do so well. For this reason a differ- 
ent plan was finally adopted. 

The Hanovia Chemical and Manufacturing Co. constructed for us 
a scale with short pieces of tungsten rod fused into the flat silica 
plates. To these tungsten rods pieces of sheet platinum about 1 mm 
thick were silver-soldered. After polishing the faces of the platinum 
pieces it was found possible to rule excellent lines upon them. Lines 
were ruled approximately 0.25 mm apart, giving lengths varying from 


Figure 7.—Cross section of silica scale. 


about 994 to 999 mm. This scale was calibrated by comparison with 
a standard meter bar in the Length Section of the National Bureau of 
Standards. A copy of the report of these measurements follows. 


INTERVALS ON PLATINUM-FACED SILICA SCALE 


IDENTIFICATION NO. 2 
(Graduated by National Bureau of Standards, Division II—1) 
This bar, when supported at the two neutral points, has been compared with the 


standards of the United States, and the intervals indicated were found to have 
the following lengths at 20° C. 





| Length 


Intervals | (mm) 





993. 9869 
996. 4866 
| 998. 9812 








| 
Length || Right-end intervals Length | 





mm mm 
0. 2502 || ; 0. 2498 
. 2490 . 2504 
. 2502 sds . 2503 
. 2494 . . 2495 
. 2504 . 2494 


. 2490 . 2500 
2495 2477 
. 2493 2540 
. 2503 2497 
. 2475 2491 | 




















The above values are not in error by more than 0.0010 mm. 
The observations were taken at a mean temperature of 28.30° C and in reducing 


to 20° C the coefficient of expansion of the silica bar was assumed to be 0.000 000 6 
per degree centigrade. 
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The scale was mounted for protection in a brass tube with open- 
ings to permit the graduated portions to be seen. Since the scale 
was to be used in a vertical position the brass tube was so arranged 
that the scale could be supported at either the bottom or the top. A 
series of observations failed to show any observable difference in the 
length in the two cases. Calculations indicated that such a change 
would be a small fraction of 1 micron, and our length measurements 
were good only to 1 micron. As a matter of convenience, therefore, 
the scale was always supported at the bottom. 


2. THE MICROSCOPES 


Two micrometer microscopes, of the Geneva Society’s make, were 
employed in this work. Rather a long focus (about 2.5 cm) was 
necessary in order to reach the blocks inside the pendulum tubes, 
These microscopes were tested by the Length Section of the National 
Bureau of Standards for periodic and progressive errors and for the 
average value of one revolution of the drum, which carried 100 di- 
visions. In each case the error was found to be less than one di- 
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Fiacure 8.—Clamp for microscopes. 


vision on the drum. Each microscope was adjusted so that one 
revolution equalled 100 to better than 1 part in 1,000. The micro- 
scopes were provided with vertical illumination. 


3. THE COMPARATOR 


The comparator was built to handle the scale and pendulum in 4 
vertical position. The most important part was the backbone which 
carried the two microscopes. This was made of a piece of silica tub- 
ing 3.5 cm in outside diameter, with walls about 4 mm thick. At the 
ends of the tube V-shaped notches were cut in which the microscopes 
were held by a clamp of the form shown in figure 8. This backbone 
was mounted in the metal framework of the comparator in a vertical 
position, held near its upper end by a brass collar in a gimbal bearing, 
and fastened near its lower end by three setscrews pressing against 
a second brass collar. Both collars were fastened to the tube by 
DeKhotinsky cement. 
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In the measurement of an all-silica pendulum against a silica scale 
there is no differential temperature coefficient of importance. The 
coefficient of different samples of fused silica at 20° C may vary by 2 
parts in 10’, while the precision of our measurements does not ex- 
ceed 1 part in 10°. Nor is the question of temperature gradients 
serious. As may be seen in fig. 9, the pendulum, the silica scale, and 
the backbone of the comparator were all within about 15 cm of each 
other. 

With the pendulums carrying stellite blocks the case will be dif- 
ferent. The coefficient of expansion of fused silica being 0.000 000 6 
and that of the pendulum (see section III, 1) 0.000 000 1, it follows 
that there will be a differential expansion coefficient of the scale over 
that of the pendulum of 0.000 000 5. A knowledge of the tempera- 
ture to the nearest degree would therefore ensure a precision in the 
comparison of scale and pendulum to 1 part in 2 million. As a matter 
of fact the temperature was always read to tenths of a degree. The 
temperature in the observing room changed by so small a fraction of 
a degree during such a comparison that the expansion of the compara- 
tor backbone was of no consequence. 

For the general structure of the comparator a comparatively brief 
description will suffice. Its general appearance is shown in figure 9. 
The pendulum and scale were supported side by side by means of 
short arms projecting radially from a vertical rod. By turning this 
rod either pendulum or scale could be brought into view in the micro- 
scopes. Focusing was done by moving this vertical axis forward or 
backward at each end by a screw motion, the microscopes remaining 
fixed in position. The vertical axis could also be raised or lowered as 
desired. 

The length of the silica backbone was adjusted so that the measur- 
ing lines on the pendulum appeared near the center of the field of each 
microscope. To allow for slight differences in the length of the differ- 
ent pendulums thin sheets of copper or aluminum were introduced 
between the microscope barrel and the notch in which it rested in the 
silica tube. 

The pendulum was supported in the comparator at its upper plane 
upon a brass strip with a small vertical projection at its center, thus 
allowing the pendulum freedom of motion in two directions for pur- 
poses of alignment. At its lower end the pendulum was held by a 
rubber band against two setscrews in a Y-shaped support. By means 
of these screws and the upper pivot support the pendulum could be 
adjusted to the vertical. In addition, coarse adjustment was possible 
by rotating separately the projecting radial arms carrying the pen- 
dulum about the central axis of the comparator. 


4. METHODS EMPLOYED 


The measurement of the distance between the planes was most 
easily carried out with the stellite blocks. Before inserting the blocks 
in the pendulum they were pressed together at their optically flat 
surfaces and the distance between the ruled lines determined (fig. 2). 
After the blocks were set in place measurements were made on both 
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the front and back sides to eliminate any lack of parallelism. 4A 
typical example of such a length measurement follows: 
Back position. Temperature 24.3° 
Seale distance used, 997.9854 mm at 20.0° 
Micrometer microscope readings, mm: 


Pendulum Scale 








| 


| 
Lower | Upper Lower | Upper 








0. 6467 0. 3550 0. 7101 0. 3804 
. 6465 . 3544 . 7102 . 3804 
. 6467 . 3540 . 7102 . 3804 
. 6467 . 3542 .7100 . 3806 
. 6464 . 3548 . 7101 . 3802 








Mean-_. 0. 6466 0. 3545 Mean-.- 7101 0. 3804 
0. 3545 . 3804 


AP= 0. 2921 AS= 0. 3297 
AP= 0. 2921 


Scale-pendulum= 0. 0376 mm at 24.3° 
= 0, 0354 at 20.0° 
Scale = 997. 9854 at 20.0° 


Pendulum = 997. 9500 at 20.0° between lines 
Correction for lines 0. 799 


Length between planes=997. 151 mm at 20.0° 


In the foregoing example the quantity AP is the amount to be 
added to the distance between the zero points of the microscopes to 
give the distance between the measuring lines on the pendulum, and 
AS is a similar quantity for the scale. By subtraction we obtain the 
difference between the scale and the pendulum. 

In the case of the pendulums provided with silica blocks the measure- 
ment of length offers more difficulties. It is not practicable to rule 
lines on fused silica (section III, 1) and the first method tried for 
measuring the distance between the planes was Fizeau’s “point and 
image”’ method used in end-standard measurements. In this method 
the point of a needle is placed against the plane and the cross wire of 
the microscope set on the junction of the point and its reflected image. 

This method offers considerable experimental difficulty. Much 
depends on the precision of focusing, and as but half the lens is used, 
an objective of high perfection is required. Berndt-Schulz (Grund- 
lagen und Gerite technischer Langenmessungen, page 23) says: “In 
spite of this, the precision of optical measurements on end-standards 
is about 5 times less than on line standards * * *. By the use 
of other objectives the error may be as large as 3.5 yu.” 

The end-standards spoken of here are the polished faces of metal 
bars. Rather unexpectedly, we have found that the difficulty 1s 
still further multiplied when dealing with transparent materials such 
as fused silica. The same microscopes that will give acceptable 
results on metal faces give abnormally variable results on faces of 
fused silica. In one case it was observed (through the microscope) 
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that as the needle steadily approached the surface its image halted 
for an instant and then resumed its motion. 

It being thus out of the question to apply the “‘point and image” 
method to fused silica, recourse was had to contact blocks. Two 
small blocks of stainless steel were ruled with lines close to their edges, . 
as with the stellite blocks, and the distance between the lines was deter- 
mined when the blocks were pressed together. By a suitable clamping 
device one stainless steel block was pressed tightly against each silica 
block. In this way the problem was converted from one of an end- 
standard to one of a line standard. 


V. MEASUREMENT OF TIME 
1. THE CLOCK 


A Shortt clock was employed to furnish second signals for the 
measurement of the time of swing. This form of clock and its per- 
formance are so well known from the work of Loomis ® that no addi- 
tional description is called for.. In setting up the master clock in the 
large room of the constant temperature vault it was found necessary 
to enclose it in a thermostatically regulated case as a precaution _ 
against the presence of the observer with a light burning. The small 
room in which the pendulum was swung was kept dark and was 
entered only to observe coincidences. 


2. THE TIME-SIGNAL SYSTEM 


The use of mechanical relays in transmitting time signals is to be 
avoided in precision work. The variable friction involved in the 
moving parts and the fluctuations in the strength of the current that 
operates the relay usually combine to produce errors of several 
thousandths of asecond. For the rating of a clock such errors may be 
of little importance, but for coincidence observations they are more 
serious. For this reason the time-signal system was arranged to give 
second signals without involving moving parts. 

The case of the master clock was provided with a plate-glass bottom 
through which a beam of light was reflected from a small concave 
mirror attached to the lower end of the pendulum. The source of 
light was a straight-filament. lamp, and the reflected image of the 
filament passed back and forth across a photoelectric cell contained 
in a brass tube provided with an adjustable slit. The electrical im- 
pulses from this cell were amplified until the energy was sufficient to 
operate either the flash system or the chronograph used for rating 
the clock. 

The flash system employed was a neon-glow lamp mounted near 
the case in which the pendulum was swinging. By a simple optical 
system the flashes were sent through a slit to the polished face of the 
stellite block in the pendulum and back to an observing telescope. 

In the course of the work it became necessary to observe at smaller 
amplitudes than was at first contemplated, and an increase in magni- 
fying power seemed advisable. To obtain more light under these 
conditions a complex arrangement was tried containing a KV610 
neon-grid glow tube which carried a very heavy discharge. This 
proved unsatisfactory, apparently because of a pronounced and 


a 
* Monthly Notices of the Royal Astronomical Society 91, 569-575 (March 1981). 
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variable after-glow amounting at times to several hundredths of 
second. For this reason we returned to the use of the simple circuit 
containing a neon lamp, with which this effect appeared to be either 
negligibly small or nearly constant. 


3. METHOD OF OBSERVING 


For observing coincidences the telescope was provided with a 
micrometer eyepiece, the cross hairs of which could be set at the 
position at which coincidences took place. Because of a slight depar. 
ture from symmetry in the setting of the photoelectric cell with 
respect to the clock pendulum, it usually happened that there would 
be a slight difference in the coincidence interval (and position) accord. 
ing as the end of a coincidence interval occurred during a downward 
or an upward motion of the flash. This variation was eliminated by 
using an even number of coincidence intervals for the calculation 
of the time of swing. 

This method of observing enabled us to detect readily any irregu- 
larity in the action of the relay transmitting the signals. The flashes 
appeared alternately above and below the cross hairs of the microscope, 
gradually approaching the coincidence position. In our earlier work 
we attempted to use signals from a Riefler clock transmitted through 
a mechanical relay. The flashes, instead of approaching regularly the 
coincidence position, would frequently exhibit a retrograde motion. 
With the photoelectric outfit this was never noticed. 

In changing the pendulum from the down to the up position it was 
rotated about its nght and left axis, so that what was formerly the 
front side now became the back. The two positions of swing were 
denoted by the terms “‘front-down”’ and ‘“‘back-up”’, respectively. 

A typical example of the measurement of time of swing follows: 


Pendulum no. 2. Front-down position. Pressure 0.04 mm of Hg; tempera- 


ture {33°89 C. 








Amplitude | Time Coincidences | Interval 
| 


| 





Radians 
0. 0047 8:35:03 Seconds 
449 
. 0016 8:42:32 
450 
. 0011 8:50:02 
. 0009 : (8 intervals) 
. 0007 9:50:01 
(8 intervals) 
10:50:01 
(7 intervals) 
11:42:32 
(8 intervals) 
12:42:34 
(7 intervals) 
1:35:03 


1:42:36 
1:50:04 
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It will be noticed that the interval between coincidences is nearly 
constant except toward the end, where because of the small amplitude 
observing was more difficult. To obtain the mean interval the average 
of the first three times of coincidence was subtracted from the average 
of the last three, and the difference divided by the number of intervals 
represented. 


Average of last three 13:42:34 3 
Average of first three---_.......-.------ 8:42:32. 3 


5:00:02. 0==18 002 seconds. 


Dividing by 40 we obtain 450.05 seconds for the mean interval. 
This corresponds to a time of swing of 1.002 227 0 seconds. 

The correction for temperature, by eq 5 is —0.000 0008. The 
correction for arc, obtained by Borda’s formula (U. S. Coast and 
Geodetic Survey, Special Publication No. 69, Modern Methods for 
Measuring the Intensity of Gravity, page 74) is —0.000 000 2. Apply- 
ing these corrections we obtain for the time of swing 1.002 226 0 
seconds at 20° C and zero amplitude. 

The correction for clock rate was applied later in the computation 
of 9. 

4. CORRECTIONS 


(a) CLOCK RATE 


The Shortt clock was compared daily with the time signals from 
the U. S. Naval Observatory and with those from a crystal clock in 
the radio section of the National Bureau of Standards. The average 
daily rate of the Shortt clock was about — 0.04 second over the period 
covered by the results given in this paper. During this period the 
rate was remarkably constant, its daily variation seldom reaching the 
second decimal place. While it is possible, as Loomis has shown, to 
obtain a much smaller rate from a Shortt clock this precision was 
ample for our requirements. Were this rate neglected altogether the 
error in the value of g would not exceed 1 part in a million. 


(b) TEMPERATURE 


The temperature of the pendulum was assumed to be that of the 
brass vacuum case, as measured by a thermometer on the outside of 
the case. After sealing the case the apparatus was allowed to stand 
overnight before observations were made. 

In correcting the time of swing for temperature the values given in 
eq 5 and 6 for the down and up positions were used for pendulums 
with stellite blocks, and 0.000 000 3 for both positions of the all-silica 
pendulums. 

(c) MOTION OF THE SUPPORT 


Helmert (Beitrige, page 70) gives the mathematical theory of the 
effect of motion of the support on the time of swing of a pendulum, 
quoting an earlier investigation by C. S. Peirce, and confirming his 
result. If a pendulum of mass M swinging through an are 6 produces 
a horizontal elastic displacement of the support, 


Moghe 


el 
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in which ¢ is an elastic constant. Helmert also finds the alteration jp 
the equivalent length / of a simple seconds pendulum to be given by 
the equation: ‘ 


A 
v=1(1+ = 


From these two equations it follows that the apparent increase jp 
the length of the pendulum 
, 7_Mgh_o 
sl=l’—l= ; aa 
lo 
Ll le 

Since él is very small compared to /, this is equivalent to saying that 
the pendulum may be regarded as oscillating about a new center 
elevated by él above the moving axis of support. 

The correction for the motion of the support thus requires a knowl. 
edge of the arc of swing and the displacement of the support. The 
displacement may be observed directly by an interferometer method, 
as is done by the U. S. Coast and Geodetic Survey, or may be caleu- 
lated by its effect in producing motion in an auxiliary pendulum, as 
was done by the Potsdam observers. In the present work the inter- 
ferometer method was employed. A small optically flat disk of fused 
silica was mounted by a little wax on one end of the knife-edge, which 
could be exposed for this purpose by moving the pendulums slightly 
to one side. ea 

A specially built interferometer tube, carrying a second flat plate 
and a helium tube for illumination, was mounted on a support inde- 
pendent of the steel shelf that carried the pendulum case. The inter. 
ferometer tube could be moved back and forth by a screw motion so 
that the two flat plates could be adjusted to give fringes. 

In addition to testing the motion of the knife-edge itself, the test 
plate was mounted also on the steel strip which carried the knife-edge, 
and on the brass ring. 

In these interferometer experiments a double-amplitude are of 
swing of 0.06 radian was used instead of the smaller arc of 0.01 radian 
employed in time of swing measurements. With this large are no 
motion of the brass ring was observable in any case. 

When the test plate was mounted directly on the knife-edge there 
was, in most of the cases comprised in our results, no shift perceptible. 
In a few cases there was a slight motion, but this never exceeded 
one-tenth of a fringe. With a wave length of 0.6 » an observed shift 
of 0.1 fringe corresponds to a motion of the test plate of 0.03 u, which 
gives for the correction to the pendulum length 


ea Sa 
~~ @ 0.06 — 
a maximum error of 1 part in 2 million. 


6 0.5 p 


(d) DAMPING 


There are two sources of damping to be recognized in pendulum 
work. The first arises from the surrounding air and the second from 
friction at the knife-edge. These may be distinguished by the fact 
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that air friction, at the velocities to be encountered in a seconds 
pendulum, may be considered as proportional to the velocity, and that 
therefore the amplitude will decrease as an exponential function of the 
time, while damping due to friction at the knife-edge can not be 
expected to follow any such simple mathematical law. 

An examination of the amplitude-time curves for our pendulums 
shows that the curves are closely exponential throughout. We may 
therefore conclude that the air damping is the principal factor to be con- 
sidered, and that knife-edge friction is negligibly small in comparison. 

The most accurate test of this point is furnished by swings through 
large amplitudes. An example of such a swing follows: 


Pendulum no. 4. Up position. Stellite knife-edge and plane. Pressure 


o xo 
(mm of Hg) (O04) temperature {o172 = 


A,= Age! 


Amplitude Time At 


| 





Radians | Minutes 


0. 0236 9:44 
. 0115 11:00 
. 0062 12:04 
, 0029 1:28 

















The period of a damped vibration, where the damping effect is 
assumed proportional to the velocity is 


eats sary T bt 
Vj-" g Tat 


n=total number of swings. 
a,=initial amplitude. 
a,=final amplitude. 


in which 


The shortest duration of swinging with any of our pendulums was 
about 3 hours, or 10,800 seconds. The ratio a,/a, was usually about 
10. Since Tis very nearly 1 second, these figures give b>=0.000 21 and 
#=0.000 000 04. Taking /=100 and g=980 the corrective term 


b Bg 
570.000 000 002, a negligible amount. 
(e) RESIDUAL AIR 


In addition to contributing to the damping effect discussed in the 
preceding section, the surrounding air gives rise to another effect 
resulting jointly from hydrodynamic loading and from buoyancy. 

_ By hydrodynamic loading there is an apparent increase in the 
inertia of the pendulum, and because of buoyancy there is an apparent 
diminution in weight. Both factors increase the time of swing. 
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This correction is best handled experimentally. Pendulum no, 1, 
the smallest and lightest of the set, was swung in air at different 
pressures in both the up and down positions with the following results: 


pa eirh © Me eee eae te | ae 
| Time of swing 

| | 

| Pressure | —-—— 





| Up | Down 





} | 
'mm of Hg| Seconds | Seconds 
| 061 | 1.0029 | 1.0029 
| 100 | 1.0032 | 1.0032 
| 425 1.0040 | 1.0042 
1-760 | 1.0047 1. 0050 

| 


These results are represented graphically in figure 10. 
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FiacurE 10.—Relation between pressure and time of swing. 


It will be seen that both curves are sufficiently linear to enable us to 
calculate that the difference of time to be expected between the 
pressure at which the pendulum was usually swung (less than 0.1 mm) 
and a perfect vacuum is only 0.000 000 3 second, a negligible amount. 


(f) COMPRESSIBILITY OF THE PENDULUM 


It was suggested to us by Dr. C. Moon of our staff that considera- 
tion should be given to the question of a possible change in dimensions 
of the pendulum arising from the difference in pressure at which its 
length was measured and that at which its time of swing was determined. 

The compressibility of fused silica has been determined to be about 
3.110-® per megadyne/cm*.’ Assuming the material isotropic, we 
may take one-third of this as the linear change. In consequence, the 
length in a vacuum may be expected to be greater than that in air by 
about 1 part per million. 

The compressibility of brass is about one-fourth that of fused silica, 
hence such a correction would not be likely to arise with metal 
pendulums. 

To test this point experimentally a brass tube was provided, large 
enough to hold the no. 2 pendulum. The ends were closed airtight, 
and windows were provided through which the length of the pendulum 


1 Adams, Williamson, and Johnston, J. Am. Chem. Soc. 41, 39 (1919). 
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could be measured. Measurements were taken with the tube alter- 
nately filled with air and evacuated to a pressure less than 5 mm. 

The precision of the measurements was such that a change of 
1» could be safely recognized, but fractions of a micron were uncertain. 
As a mean of over a hundred measurements it appeared that there was 
a slight elongation of the pendulum in the vacuum, certainly less than 
1 », and apparently of the order of 0.5 yu. e 

The figure quoted for the compressibility of silica would indicate a 
change of about 1 y, but it is to be remembered that this figure was 
obtained at very high pressures. It is quite probable that the com- 
pressibility at 1 atmosphere may be less. However, a correction of 
the order indicated, 0.5 yw, is too small to be certain of with the pre- 
cision of our length measurements, and in any case would influence the 
value of g by less than 1 part in a million. It may therefore be 
neglected. 

, (g) FLEXURE OF THE PENDULUM 


As a pendulum swings, it bends slightly, and from purely geomet- 
rical considerations its mean length and time of swing should be less 
than with a perfectly rigid pendulum. Calculation of the difference 
between the arc and the chord shows, however, that such an effect, 
with pendulums of the rigidity usually employed, is negligible. 

Experimentally, it is found that there is a rather large effect of 
flexibility on time of swing resulting from bending stresses in the 
opposite direction from that indicated above, increased. flexibility 
giving a greater time of swing. This effect is present in both the up 
and the down positions, and partly cancels out in applying eq 1. 

This is illustrated by some preliminary experiments of ours with a 
pendulum composed for the most part of a strip of brass 37 mm wide 
and 3 mm thick. The pendulum carried two planes and could be 
swung on a fixed knife-edge, either in the plane of the strip or per- 
pendicular to it. This amounted to swinging two pendulums differing 
greatly in flexibility. Because of its slightly greater moment of inertia 
the rigid pendulum should have the greater time of swing. Experi- 
ment, however, shows the reverse. 

In table 2 is given a summary of the mean results obtained, illus- 
trating how large this effect may be in an extreme case. The value 
of r is calculated by the eq. 1. 


TABLE 2.—Time of swing of rigid.and flexible pendulums 


Rigid Flexible 





Position | ime - | Position Time 
|| | 
i] 
| | 
0.997 81 || Up | 1,002 73 
MOT h Dews................ --| 1.000 63 





|. 998 57 || Mean | 1.001 68 
! 





Difference of means_._- 0.003 11 





t (rigid) =1.000 48 tT (flexible) =0.999 01 





Difference_... 0.001 47 
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It will be seen in this table that the unreduced times differ in the 
mean by 0.003 11 second. By applying eq | this difference does not 
disappear, but is reduced to about half its value. 

Any resultant flexure effect, if at all appreciable, should be most ip 
evidence in the most flexible pendulums. For this reason sever] 
pendulums of different flexibilities were used by us. 

The Potsdam investigators developed, on theoretical considerations, 
a formula for the flexure correction, which has been applied to oy 
pendulums by Dr. H. L. Dryden of the National Bureau of Standards, 
The corrections in the value of g found by this formula are given in 
table 3 in parts per million. 


TABLE 3.—Flexure corrections to the value of g 


Correction 
Pendulum | (units of the 
number | third decimal 
place) 





| 7 
—5 
—2 





| 
i] 
u 


(h) AMPLITUDE 


The theoretical correction for the effect of finite amplitude on the 
time of swing is given by the formula 


ita 
T=T, (145 7 (8) 


LeRolland * found that this formula does not give the entire effect 
of amplitude upon period, but that, generally speaking, the values of 
the time of swing at different amplitudes on being thus reduced to 
zero amplitude still showed a decrease with diminishing amplitude. 

Our experience confirms that of LeRolland. The Potsdam observ- 
ers, probably because of the very small amplitudes at which they 
worked (from 30’ down), found that this effect was not strongly 
marked. The explanation of this discrepancy is doubtless connected 
with the effect of imperfection in the knife edge, which we have 
found to be the most serious difficulty with which we have had to 
deal, and which will be discussed at length in the next section. To 
avoid as far as possible the difficulty arising from the lack of appli- 
cability of eq 1 we finally limited the amplitude of swing of the pen- 
dulums to a maximum of about 30’ and made observations down to 
about one-twentieth of this value. 


(i) IMPERFECTIONS OF THE KNIFE-EDGE 


Not all materials are suitable for knife-edges. The conditions 
under which a knife-edge is expected to stand up are extreme. The 
area of contact with the supporting plane is so small that the pressure 
may be of the order of several tons per square centimeter. More- 
over, this pressure, as the pendulum swings, is exerted alternately 
on one side or the other of the knife-edge, an alteration repeated eac 


8 Annales Phys. 22, p. 236 and following (1922). 
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second for hours at a time, and a certain measure of fatigue of the 
edge (or the plane) may result. If under these conditions there 
should result a microscopic breakdown at any point of the edge, 
there may be quite a noticeable effect on the motion of the pendulum. 

On one occasion we were fortunate enough to observe what was 
undoubtedly the result of such a breakdown. The knife-edge, of 
stainless steel, was working against a plane of fused silica, and observ- 
ations were being made for damping. The results in table 4 were 


obtained. : 
TaBLE 4.—Observations for damping 





Ratio of 


Time Amplitude | amplitudes 





mm 
10:53:30 31.69 
11:01:20 30. 66 
11:09:10 22. 84 
11:16:40 21.14 

















For the rest of the run (about 2 hours) the amplitude ratio varied 
between 1.08 and 1.10. It seems likely that at some time between 
11:01 and 11:09 a breakdown occurred, requiring for the moment an 
extra expenditure of energy on the part of the pendulum, and leaving 
the edge in a condition which gave rise to slightly more friction than 
its initial condition. 

Several such instances were noticed with knife-edges of different 
materials. The breakdown must have been very small, as in no case 
could we be certain of detecting anything by microscopic examination. 

It is easily seen that a knife-edge may, for this reason, be too sharp. 
In fact, on a mathematically sharp edge any finite weight, however 
small, would produce an infinite pressure and an instant breakdown. 

This being the case, why not use a cylindrical rod instead of a 
knife-edge? Experiments of this nature were made some 50 years 
ago by the U. S. Coast and Geodetic Survey,® but the results were 
not encouraging. Our experience has been similar. With too great 
a radius of curvature the damping becomes excessive, and the coinci- 
dence intervals show large variations. 

As an instance of this, an agate knife-edge with a radius of about 
10 » was placed in service with a pendulum containing stellite blocks. 
The results were at first quite concordant, but after about a month’s 
daily use the values of g began to show a steady progression down- 
wards. A remeasurement of the radius gave 18 yu at one end of the 
knife-edge and 69 yu at the other. 

An attempt was made to grind this edge to a uniform though larger 
radius by giving it a few strokes with a piece of thin aluminum foil 
charged with a fine abrasive, the strokes being directed perpendicu- 
larly to the edge and the foil being held so as to form an inverted V 
over the edge. As a grinding operation, this may perhaps be called 
successful, as the radius afterward measured 195 yu and 230 uz at its 
two ends. No apparent increase in width at the edge was noticeable. 

The service results with this reground edge were very unsatisfac- 
tory. The damping was increased so that the duration of the swinging 


*U. 8. Coast and Geodetic Survey, Special Publication no. 69, Modern Methods for Measuring the 
Intensity of Gravity, page 14 (1921). 
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of the pendulum was reduced from its normal value of 6 hours to about 
4%; hours. In addition, the coincidence intervals varied greatly 
fluctuating by as much as 1 minute in an interval of about 18 minutes, 
whereas with a sharp edge this variation was usually but a few seconds. 
A similar behavior was noticed when the pendulum rolled by means 
of its stellite block on a support made of 1-mm steel drill rod. 

The disturbing effect of too blunt a support is probably due to 
adhesion at the surface of contact under the great pressure existi 
there. As the pendulum swings this adhesion is being continually 
formed and broken loose, and this latter operation requires an ex. 
penditure of force, which over a larger area may show a greater 
variation than with a sharper pendulum and a consequently smaller 
area of contact. 

But if a knife-edge may be too blunt as well as too sharp, what 
may be regarded as an optimum radius of curvatures? The answer 
to this must be expected to depend upon the material. Another 
agate edge, with a radius of about 35 yw, gave what we considered at 
that time satisfactory service for nearly 2 years, after which variable 
results began to make their appearance. On remeasurement. the 
radius was then found to be 70 » at one end and 165 yu at the other, 

It is an obvious suggestion that the edge be kept sharp by regrind- 
ing. This is not a simple matter with agate, but is readily and quickly 
done with metallic edges. An edge of stellite with a radius of about 
10 » was found to have increased to 15 uw after 2 weeks’ daily use, 
The procedure was then adopted of resharpening this edge after every 
three swings of the pendulum (in the up-down-up positions). By this 
procedure a radius of about 10 » could be maintained, and the average 
departure from the mean of the values of g could be limited to a figure 
less than that attainable with any materials previously used. 

The effects of use seem to be confined entirely to the knife-edge, 
the mirror surface of the optically flat planes showing no deterioration 
after several years in service. 

LeRolland’s experience was that, generally speaking, the harder 
materials used for the edge and plane introduced the least irregularity 
in its time of swing. This agrees with our experience. But hardness 
is not the only quality necessary. A substance may be hard and very 
brittle, like fused silica, and an edge of this material showed itself to 
be inferior to one of agate, of the same chemical composition but of 
a different structure. A hard and tough material, such as stellite, 
gave better results than agate. 

Still better results were obtained by the use of a special steel known 
as Halcomb chrome steel, of the following analysis: 

C=0.96% 
Mn=0.35 
P=0.014 
S=0.017 
Si=0.25 
Cr=1.31 


An edge made of this steel, oil hardened at 950° C, and used against 
a stellite plane, gave us our best results. The scleroscope hardness of 
this edge measured from 86 to 90, while the similar figure for the stel- 
lite plane was from 76 to 83. 


1” Annales Phys. 22, 244 (1922). 








— ae 


ot fee hee fed Oe — 0D 


@o &S oe we 


—_—_ —_— es  O- 


Hey! Value of Gravity at Washington 831 


Cook 
VI. RESULTS 


The best results were obtained with a knife-edge of the chrome steel 
mentioned in the last section. As will be seen by the tabulated results, 
the knife-edge appears to be a more important factor than the plane. 

The measure of precision adopted was the average departure from 
the mean. This we consider preferable to the least square probable 
error of the mean. No matter how widely the individual results may 
vary, the probable error of the mean approaches zero as the number of 
observations increases indefinitely, and this may be misleading. On 
the other hand, as the number of observations is increased, the cumu- 
lative mean and the average departure from the mean both approach 
constancy. When this has been attained sufficiently for the purpose 
in hand there is nothing to be gained by taking additional observations. 

In the following tables the results of our observations with the 
different combinations of planes and knife-edges are given in detail: 


TaBLE 5.—Values of g 


Pendulum no. 3. Steel knife-edge. Stellite planes. Mass=3.6 kg. Relative flexibility (see table 1) 0.61. 
Length at 20° C: 


eae al ee pel NO EE Re OE -997.760 mm. hi=695.3 mm. 
November 22, 1934 ..-997.759 mm. =305 
May 22, 1935 997.761 mm. ha=302.5 mm. 


Wat aieacasektas esate ea atten Sere ate ee ee 997.760 mm. 





! 
Time of swing (reduced to | 
20° C) 


| 
| Cumula- 
tive mean 


Tempera- 


Date, 1935 Pressure Amplitude 





Down Up 





| 

mm Hg Radians | 
0. 04-. 06 2. 0. 0040-. 0015 1, 002 673 2 ene 
. 04-. 06 2. 2-22, . 0046-. 0009 980. 090 980. 090 
. 04-. 08 22. . 0045-. 0007 . y 092 091 
. 04-. 08 . 2-22. . 0050-. 0009 091 091 
. 04-. 08 2. 4-22, . 0045-. 0009 ; 090 
. 04-. 08 . . 6 - 0061-. 0011 . 00: x 089 


. 04-. 07 . . 0040-. 0014 Ny 088 
. 04-. 10 | 22. 3-22. £ . 0059-. 0006 8 087 
. 04-. 08 2. . . 0045-. 0009 2 S86 086 
. 04-. 06 . 5-22. - 005 1-. 0009 087 
. 04-. 10 . 8-22. - 0050-. 0009 8 087 


- 04-. 06 | 22. 4-22. 6 - 0067-. 0010 84 | 087 
. 03-. 06 | 22. 3-22.8 - 0055-. : 087 
. 04-, 06 | 22. 3-22. 4 
. 04-. 08 | 22. 5-22. 7 


























Mean value of g 980.086 +0.003 avg departure 
Correction for clock rate . —0.001 


. 980.085 
Correction for flexure : —0.005 


g=980.080 +0.003 avg departure 


During this work with pendulum no. 3 the knife-edge gave such 
consistent results that no resharpening was deemed necessary. Its 
radius of curvature, measured May 22, 1935, was 10 u on one side of 
the center and 13 » on the other. The knife-edge was then used with 
pendulum no. 4. 
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TaBLE 6.—Values of g 


Pendulum no. 4. Steel knife-edge. Stellite planes. Mass=3.5 kg. Relative flexibility (see table 1) 0.2. 


Length at 20° C: 
May 23, 1935 _.. 998.879 mm. hi=698.0 mm, 
June 17, 1935 998. 880 mm. 
-_——— h2=300. 9 mm, 
Mean i 998. 879 mm. 








Times of swing (20° C) 
Temper- Cumula. 
ature ae 
Up 





Pressure 





Radians 

2 .3 | 0.0080-. 0007 1.003 105 1 a 
- 04-.07 | 22.5-22.8 | .0040-. 0004 980. 085 
- G4-.08 | 22.2-22.5 | .0073-. 0006 082 
. 04-. 22. | .0045-. 0004 . 003 009 3 084 
. 04-, 2. 5-22. 6 Sept O0ee f..-5-..-..-..- 082 
- 04-.08 | 22. 5-22.8 - 0085-. 0005 - 003 010 8 080 


.04-. 22. | . 0096-. 0004 
. 04-. 02 22. § . 0045-. 0005 
.04-.08 | 22.8-22.6 |  ..0059-. 0005 
.04-. 10 | 22. 9-23. . 0045-. 0005 
.05-.20} 23. . 0083-. 0008 1. 003 098 0 








-03-. . 0056-. 0006 iecitoraindiiiaiad 
. 04-. 09 | ’ - 0050-. 0005 1. 003 090 5 
. 03-. , - 0057-. 0008 
.03-. 06 | .6 |  .0050-. 0007 

















--. 980.083 +0.0014 avg departure 


Mean value of g 
—Q. 001 


Correction for clock rate - inca teecnih melais'd Gai eiaatarall es pion ieaithe 


980. 082 
Correction for flexure i cekbenesen ace cauae ee 


g=980. 080 +-0.0014 avg departure 


It will be noticed that while up to June 10 the values of g had main- 
tained a fairly constant level, a marked decrease occurred after that 
date. Regarding this as probably caused by a breakdown of the knife. 
edge, its radius of curvature was remeasured on June 17. The results 
on the two sides were 11 » and 13 yw. If the falling off of the values 
of g was caused by a breakdown of the knife-edge, such a deterioration 
must have been on a scale too small for measurement. The knife 
edge was resharpened and remeasured, giving 4 » at each end. This, 
by the way, is the value that we have found for the radius of curvature 
of a razor blade. The resharpened knife-edge was set up with pendu- 
lum no. 2, and it was interesting to see that the results for g returned 
to their normal value. 
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TABLE 7.—Values of g 


Pendulum no. 2. Steel knife-edge. Stellite planes. Mass=1.9 kg. Relative flexibility (see table 1) 0.89 
th at 20° C: 
eof ne 18, 1935..------ aeaninwrncesneccecacanenecenenecesecces= 997. 418 mm. hi=709.1 mm. 
July 5, 1935 997. 418 mm. 
‘ h2=288.3 mm. 
Mean 





laa aiah 
Times of swing (20° C) Cumula- 


Temper- Amplitude tive 


ature 





Date, 1935 Pressure 





°C Radians 
23. 2-23. 4 0. 0062-. 0008 . 
23. 4 . 0070-. 0007 ' 8 
23. 2-23. 7 . 0055-. 0006 . 002 279 1 s 84 
23. 6-23. 8 . 0045-. 0009 ‘ % 084 
23. 0-23. 2 . 0057-. 0007 2 086 
23. 4-23. 3 . 0045-. 0006 087 


- 0074-. 0008 - 002 2 087 
- 0050-. 0007 z 086 
- 0058-. 0006 , 085 
- 0035-. 0011 

















| .03-.06 | 23.3-23.8 | .0036-. 0008 
") 0.04 : 6047-. 0007 | 

“| .08-. 04 -0043-. 0006 | 
| 


Mean value of g 
Correction for clock rate 











980. 086 
Correction for flexure. ...............- Pd Een eS See eae ES Ree —0. 007 


g=980. 079 +0.0045 avg departure 


TABLE 8.—Values of g 


Pendulum no. 4. Steel knife-edge. Fused-silica planes. Mass=3.6 kg. Relative flexibility (see table 1) 
0.28. Length at 20° C: 
DN RR RUD oceania say aw aunen Tucson piuscomen cane 998. 730 mm hi=707.7 mm. 
h2=291.0 mm. 





Times of swing (20° C) Cumula- 


Date, 1935 Pressure Amplitude | tive 
Up mean 








mm Hg Radians 
0. 04-. 06 ; 0. 0055-. 0007 1. 002 977 3 
. 04-. 06 . - 0062-. 0005 980. 079 980. 079 
.04-.09 | 21. 9-21. . 0050-. 0006 079 079 
- 04-.06 | 21. 7-22. . 0063-. 0005 081 080 
. 04-. 06 - 0059-. 0006 082 080 


. 04-. 06 ‘ . 0070-. 0004 75 079 
- 04-. 05 ; - 0047-. 0005 071 078° 





. 04-. 08 - 1-22. - 0065-. 0005 78 
- 04-.06 | 2 ‘ . 
- 04-. 07 2. 3-22. : 1.002 913 1 























Mean value of g 980. 078 +0.003 avg departure 
Correction for clock rate —0. 001 


980. 077 
Correction for flexure 


g=980. 075 +0.003 avg departure 
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The results in tables 5 to 8 are the best that we have obtained, ag 
measured by the small total spread of the individual values of g ang 
the average departure from the mean. It should be noted that these 
results were all obtained with a chrome steel knife-edge and planes of 
stellite or fused silica. The results in the tables that follow were ob. 
tained with the same planes but different materials in the knife-edge, 
and it is of interest to see the marked deterioration in the quality of 
the results as compared with those in the preceding tables. These 
later results are not of importance as contributions to the final result, 
but are given because they show that the material of the knife-edge js 
of prime importance and that of the planes is secondary. 

In some cases, as in tables 9 and 10, it was found necessary to re. 
sharpen the knife-edge (stellite) after every third determination of 
time of swing in order to keep the variation of the values of g within 
tolerable bounds. In such cases the value of g was calculated from 
those times of swing which formed a triplet uninterrupted by a sharp. 
ening of the knife-edge. 

In none of the tables have results been suppressed because of their 
wide departure from the mean. 


















TaBLeE 9.—Values of g 


Pendulum no. 2. Stellite knife-edge. Stellite plane. Mass=1.9 kg. Relative flexibility (see table 1) 
0.89. Length at 20° C: 
































I a ee ek cane bem eeaen 997.415 mm. hi =709.1 mm. 
Ii oa ann tain conenakcae seb cea anceeneiae 997.417 mm. 
ha= 288.3 mm. 
ee pele taht FE A EN 997.416 mm, 
maReMarean Gates HERE Mal temambenin ‘oie aay — 
| | | H suri )° 
. eee: Times of swing (20° C) | Ossie 
Date, 1934 | Pressure ature | . Amplitude mia g tive 
| Down | Up mean 
a a | = eee 
Sept. | mm Hg | °C | Radians | | 
SS. 0.04 | 22.8-23.0| 0.0069-.0009 |......_...___- 1,000 9844]. .....-:. ee 
g... sal . 04 | 23.1]  .0050-.0012 | 1. 002 2303 |__---------=--| 980.100 | 980.100 
10... eS . 04 22.8-23.0|  .0071-.0007 |.....-....---- 1.002 274.9 |.....-... cee 
i eee . 04 | 23.0 | .0050-.0012 | 1.002 2378 |.......-._---- SSE 
12. | .04 | 22.9-23.0} .0057-. 0011 |...-.-.----. 1. 002 2747 095 | 098 
| | 
13. a 04 | 23.0} .0053-.0009 | 1.002 2225 |.....-..----_- scoretaodiaunle 
15_ s . 04 | 23.1} .0054-.0011 |.........-.- -| 1.003213 4 |........ ee 
| EE Oe: . 04 | 22.8)  .0070-.0009'| 1.002 2179 |_....---..-..- 081 | 092 
18__ 04 | 22.8 | .0050-. 0010 |..........--.. 1. 008 266 1 |......-...) ee 
19_ 04 | 22. 2-22.7 te l |. ....-....-.. 1. 008 278 2 |........i; cee 
| . 
Re 04 | 22.9} .0050-.0012| 1.002 2323 |__.....______. | 
PRs 04 | 22. 7-22.8 . 0059-. 0008 |..2...--.----- 1. 002 263 3 
eae: 04 | 23. 0-22. 8 .0050-. 0014 |.....-...----. 1. 002 277 6 
_ ae 04 | 22.8-22.9 .0059-.0009 | 1. 002 2313 |_-.---------_- ( 
es ob ee 04 | 22.9-23.0]  .0050-.0009 |....------.-.- 1. 002 273 9 | 
_ ee 04 | 22.8-23.0}  .0069-. 0015 |.....----.---- 1. 000 285 4 |_-__.....-.focceeee ’ 
Ee . 04 B01  .0048-.0000 | 1.002 285 2 j...........-_- 084 089 
eee 0. 04-0. 07 238i .00-@ |.............. 1, 002 275 8 |....-..-.-|-ssecemee i 
__ Ee 04 | 23.0-23.2 |  .0062-.0010 |_._....:------ 1. 003 962 5 |....-....chcee 
Seti ner aL eee . 0059-. 0012 : ee ee 
























ee, ee eee Ree ee Her neem Pm 
Correction for clock rate, zero. 
SI I oni cub pcemncnetaewkvawd<uhetons dcebenee —0. 005 


g=980. 081-0. 007 avg. departure 








088 


Pendul 
0.61. 
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TABLE 10.— Values of g 


um no. 3. Stellite knife-edge. 
Length at 20° C: 
DM. c<c .cekuusnvossnceusssarunoanatetanssuacecke 
OS EA: Cee ae en eee 


Stellite plane. 





835 





Mass=3.6 kg. Relative flexibility (see table 1) 


997. 760 mm. 
997. 759 mm. 





997. 760 mm. 


hk, =695. 3 mm. 


ho=302. 5 mm. 






































i So tal on 
er ae ing (20° C ) | Cumula- 
ature Amplitude |— = nea g tive 
: - mean 
Down Up 
*@ Radians 
22. 5-22. 7 0. Gbas-. Guise |.........--- ‘f 2 3 ka oe ‘a 
21. 9-22. 1 . 0048-. 0011 BiG GO 0 locwncancdeiece 980. 110 980. 110 
22. 2-22. 1 . * (7 Se OU ee 
22, 1-22.3 . ok CO ee REGED Gadde ccd de nlonsncanate 
22. 3-22. 5 . 0047-. 0009 BAe CHD fdincgn neon cane 088 099 
22. 0-22. 3 , — ° . eee eT ee Rene 
22. 2-22. 4 ne Sg es eee 
22. 3-22. 5 . 0054-. 0010 ef ES ee eee 081 093 
22. 6-22. 7 . fe eee eS | a Se ee 
22. 5-22. 7 SN | eee EE vata veuncnicanwesaaae 
22. 5-22. 8 0069-. 0013 Fs gs 080 0v0 
21. 8-22. 0 O000-. G06 j.............. Le Oia® i......-... Ee I 
22.0 et i ie 1, Ge Gre ® |.........- os 
22. 0-22. 2 0067-. 0014 eS | ne 056 Z 
22. 1-22. 2 Ng a REE ee See ee mee 
22. 0-22. 1 gs GEE Pow snannenenoce st as eee 
22. 0-22. 1 - 0055-. 0012 A ne 081 083 
22. 0-22. 2 . << | eee Ro | Sf eee Sa 
22, 0-22. 1 . ff | eee es  . ty ee See 
22. 1-22. 2 0049-. 0009 ig i: ee eee 098 085 
22. 0-22, 2 |) i DS See, Pee 
21. 2-21.8 ek eae X ,  ) ees 
21. 3-21. 4 . 0056-. 0011 SOO © La dontceweanns 080 084 
21. 0-21. 4 PY! ee ee | SS See Sopra spe 
21. 2-21. 4 . * — | en pe Sf ee Snaeneereer 
21. 4-21.6 . 0061-. 0011 1. 002 502 3 |...... ee ¢ 7 082 
21.6-21.9| .0057-.0012 |.............- 1. 002 641 4 |_.....___- | RE on 








material. 


Mean value of g 


Correction for clock rate, zero. 


Correction for flexure 


106351—386——_-3 


of similar cases that might be cited. 





g=980. 077-+0. 011 avg. departure 


_ The results in table 12 are of interest only as an illustration of the 
inferiority of agate to chrome steel or even to stellite as a knife-edge 
The results of this series are better than those of a number 


It will be noted that the results 


given in tables 11 and 12 were obtained within a month of each other, 
with the same pendulum, the only difference being the change from 
stellite to agate in the knife-edge. 
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TaBLE 11.—Values of g 


Pendulum no. 4. Stellite knife-edge. Stellite plane. Mass = 3.5 kg. Relative flexibility (see table 1) 
0.28. Length at 20° C: 


July 28, 1933 998. 818 mm. hi=698. 8 mm. 
Sept. 19, 1933 998. 820 mm. 
CS. 3) ee ETRE S RAE CET 998. 817 mm. h:=300. 0 mm. 
June 1, 1934 998. 818 mm. 


Adopted value 998. 818 mm. 





Times of swing (20° C) 





Date, 1935 Pressure Amplitude 
Down Up 





mm Hg Radians 
0. 04 21. , 0. 0040-. 0004 
. 03 2. 0-21. . 0036-. 0004 1. 003 055 7 
. 04 2. . Sa eee 1. 003 138 9 
0. 03-0. 04 ° bs . 0041-. 0004 LONGUE FT Ivcceccancaeses 
0. 06-0. 03 ; ‘ . 0043-. 0004 1, 003 133 0 
. 0029-. 0003 
. 0046-. 0004 
. 0032-. 3003 
. 0044-. 0003 
. 0042-. 0004 


. 0039-. 0003 
. 0038-. 0003 
. 0044-. 0004 1,003 1219 


























I a i RA Ea a etree 980. 092-0. 013 avg. departure 


Correction for clock rate, zero 
Correction for flexure 


g=980. 090-0. 013 avg. departure 


TaBLE 12.—Values of g 


Pendulum no. 4. Agate knife-edge. Stellite plane. Mass=3.5 kg. Relative flexibility (see table 1) 
0.28. Length at 20° C: 


July 28, 1933 998. 818 mm. hi=698. 8 mm. 
NO Ree ee Perper ener Y. Seee ne es 998. 820 mm. 
BN I I eich cs sahil dab ean liin ecdctane anneal 998. 817 mm. ha=300. 0 mm. 
June 1, 1934 998. 818 mm. 


Adopted value 998. 818 mm. 





Times of swing (20° C) 





Date, 1934 Pressure Amplitude 
Down 





°o 
‘eo’ 


Radians 
0. 0048-. 0003 1. 002 913 2 
. 0047-. 0004 980. 078 


bo 
| 
on- 


YP 
8B 


084 
085 
056 


037 
048 


i) 
NN 
wn 
NNe 


1, 002 928 5 
1. 002 936 4 


AAI om 


BEPEY PTR 


1. 002 946 8 
1. 002 8720 


eSS eSSRR 


BI 
Bsrrt 


























Mean value of g 
Correction for clock rate, zero. 
Correction for flexure 


g=980. 066 + 0. 018 avg. departure 








Hert) Value of Gravity at Washington 


TABLE 13.—Summary of values of g 





Pendulum number 2 





Relative flexibility 0. 89 0. 61 0. 28 


Stellite plane \g80, 07 ; ; 
Steel knife-edge E 4980. 0 9 +0.0045 | 980.980 +0.003 | 980,080 +0. 0014 


Fused-silica plane : 
Steel knife-edge 900. ors 2-0. 008 


Stellite plane f 
Stellite knife-edge E silat 


Stellite plane 
Agate knife-edge 980. 066 --0. 018 

















In connection with table 13 the following points may be noted: 

1. The values of g obtained with the steel knife-edge (rows 1 and 2, 
table 13) show the greatest precision, the total spread of the indi- 
vidual values being 0.022 and the average departure from the mean 
less than 0.005. 

2. A change in the material of the plane from stellite to fused silica 
(the knife-edge remaining the same) makes no change in the order of 

recision. 

: 3. A change in the material of the knife-edge from steel to stellite 
(row 3) reduces the precision considerably, the average departure 
becoming of the order 0.01 and the spread of the individual values 
0.055. 

4, It will be noticed that in some cases (table 7) there is a tendency 
toa small but steady decrease in the times of swing, while the value 
of g remains fairly constant. This may be due to a slight progressive 
wear of the knife-edge, the effect nearly cancelling out in the applica- 
tion of eq 1. 

The mean of the four best results (rows 1 and 2), weighted inversely 
as their average departures, is 980.079. If we include the three 
second-best results (row 3) the mean is 980.080 +0.003." But 
since even with the four best results the spread of the individual 
values is 0.022 and the average departure of a set may be as much as 
0.0045, it is our feeling that 


g£=980.08 cm sec-?+0.003 average departure 


goes as far in accuracy as is reasonably certain. 
= should be noted that this result involves 70 single determinations 
of g. 

The geographical coordinates of this gravity station, determined 
from information furnished by the U. S. Coast and Geodetic Survey, 
are as follows: 

Latitude 38°56’30.143’’ N. 


Longitude 77°03'56.893’’ W. 
Elevation above sea level 94.75 meters. 


It may be of assistance in appraising the precision of the foregoing 
result to summarize the various minor sources of error for which no 
correction was deemed necessary. ‘These are given in table 14. 

—— LS 


id Our earlier results, obtained with knife-edges of agate and fused silica, are of too poor a grade to be con- 
= _ for inclusion in the final result. Table 12 gives an example of perhaps the most presentable of these 
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TABLE 14.—Effect of minor sources of error 





Source Estimated effect on g 


— 





Position of knife-edge on plane- - Maximum not known. Minimum leg 
than 1 part per million. 


Parallelism of plane ‘ 1X10-8, 
Equality of 7; and 7% <1.2X10-7. 





Center of gravity in line of supports_..._...--- w---2----------| 2X10-5. 
Departure of knife-edge from level__-- 5X10-7. 
OE OU OO nisin si ninco cetcacsions >1X10-5. 
Elastic deformation of pendulum under own weight >1X10-6. 
Microscope error <1X10-4, 
SIRI ENNIND o ood o k on ca item cacbaarasemawacdncul MAPeee es 
Motion of support 5X1C-7, 


Damping 2X10-°. 
Compressibility of pendulum--_____ 5X10-7. 








VII. THE POTSDAM DETERMINATION 


The value of g in the pendulum room at the National Bureau of 
Standards, as deduced from the direct connection made with Potsdam 
to the pendulum room in 1933 by Lt. Brown of the U. S. Coast and 
Geodetic Survey, is 980.100. The value adopted as the result of our 
absolute measurement is 980.08. The difference, 2 parts in 100 000, 
suggests that an examination of possible causes is desirable. In this 
connection it should be remembered that the various connections 
between Washington and Potsdam have differed by as much as 9 parts 
in a million. 

The precision claimed in the Potsdam report is +0.003. It is to 
be noted that this is a least square probable error, and corresponds toa 
much larger average departure from the mean. 

The Potsdam results are tabulated and discussed as the length of the 
equivalent simple seconds pendulum, and reduced to the value of g 
only at the end of the report after all reductions had been made. We 
shall find it convenient, however, to quote the Potsdam results trans- 
lated into equivalent values of g at the National Bureau of Standards in 
Washington, using for this purpose the difference found by Lt. Brown: 

Potsdam — Washington= + 1.174. 

The Potsdam results fall into two classes, those obtained with 
pendulums carrying two knife-edges and those given by pendulums 
provided with two planes. In the first class there are given 108 
separate values and in the second class 84. The maximum, minimum 
and mean values are given in table 15. 


TABLE 15.—Values of g at Washington derived from Potsdam 





j 


| Two 

| * w 

| knife- B+ 
edges +2 





i 
| 
| 
980. 180 980. 136 
980. 072 
L 979. 983 
Total spread 3 0. 153 
Average departure from mean 5 0. 026 
Number of individual results 84 
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Different methods of classifying and weighting the subgroups of 
individual observations give mean values ranging from 980.082 to 
980.089. 

We may direct attention to the following points of interest in the 
above table. 

1. The spread of the separate values is nearly 3 times that (0.055) 
obtained in the less accurate sets of our work. The average departure 
from the mean is also considerably greater than ours. 

2. The 70 single observations in our work will therefore compare 
favorably with the greater number of observations of less precision in 
the Potsdam report. 

3. The weighted mean of the Potsdam observations, obtained as 
above, is in reasonable agreement with our adopted result. 

It remains to be explained how this Potsdam experimental mean was 
increased to give 980.100 at Washington. 

It was recognized by the Potsdam observers that knife-edge errors 
played a large part in absolute-gravity work. A considerable portion 
of the Potsdam report is devoted to an attempt to evaluate these 
errors on the basis of the variations in the results given by the different 
pendulums employed. As a result of this evaluation the value of g 
was raised to 980.100 (at Washington). This process of correction 
appears to amount for the most part to an extrapolation of the results 
obtained with the different pendulums to that which would correspond 
to a pendulum of zero mass. The masses of the pendulums ranged 
from 2.86 to 6.23 kg, and in the extrapolation referred to the lightest 
pendulum seems to have had a disproportionate influence. Our 
results do not indicate a variation with mass, and therefore no such 
adjustment has been made. 


WasHINGTON, July 29, 1935. 
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BOILING-POINT-COMPOSITION DIAGRAM FOR DILUTE 
AQUEOUS SOLUTIONS OF DEUTERIUM OXIDE 


By Edgar R. Smith and Mieczystaw Wojciechowski ! 


ABSTRACT 


The differences between the boiling points of dilute aqueous solutions of heavy 
water and the boiling point of ordinary water were measured in the range from 
0.3 to 7 percent of D,O. The boiling points were found to increase linearly with 
increase in D,O, according to the equation mole % of D,O=70.9 (AT), where AT’ 
is the boiling point in degrees centigrade minus 100. The measurements, made 
with ebulliometers of the type devised by W. Swietostawski, were found to offer a 
rapid method for the analysis of solutions of heavy water. 

The differences between the boiling points and condensation temperatures of the 
same solutions were measured in a differential ebulliometer which gave a fraction- 
ation equivalent to about one theoretical plate. The small separation between the 
vapor and liquid lines on the boiling-point—-composition diagram shows that the 
separation of heavy water by fractional distillation would require columns of 
extremely high efficiency. 
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I. INTRODUCTION 


It has been shown [6]? that the freezing points of mixtures of H,O 
and D,O can be expressed by the equation t=4.2137—0.411z?, where 
tis the freezing point in degrees centigrade, and z is the mole fraction 
of D,O. The solidus-liquidus curves nearly coincide, the maximum 
difference between them being 0.02° at about 42 percent of D,O [2], 
so that very little separation can be effected by fractional crystalliza- 
tion [3]. On the other hand, it has been shown [4, 5, 7, 18] that an 
appreciable separation can be obtained by fractional distillation. 
While the electrolytic method of concentrating D,O is economical 
and convenient in the last stages, a great deal of energy is required 
to electrolyze the large initial amount of water to a small volume. For 
this reason it appeared desirable to investigate the relation between 
the compositions of the liquid and vapor phases in equilibrium at the 
normal boiling points of mixtures of H.O and D,O in the dilute range, 
up to about 7 percent of D,O. 


Guest worker from the Polytechnic Institute, Warsaw, Poland. 
The figures in brackets refer to references listed at the end of the paper. 
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II. MATERIALS AND METHOD 


Five mixtures of H,O and D,O, containing approximately 0.3, 0,7, 
1.0, 3.2, and 7.0 percent of D,O, were prepared by electrolysis. These 
were purified by distillation from alkaline permanganate followed by 
simple distillation, with the rejection of equal initial and final portions, 
The density of each purified mixture was determined by the differential 
method of twin quartz pycnometers [14, 19] and the mole fraction z 
of D.O in each was calculated from the equation rz=9.416AS—1.00 
(AS)?, where AS=S—1, and S is the specific gravity of the mixture 
at 25°, compared with normal water at 25°. This equation was 
derived from that of Luten [9], S=1.0000+0.1044z7-+-0.00122’, using 
the recent value of 1.1074 obtained by Tronstad, Nordhagen, and 
, Brun [17], for the specific 


For the determination of 
the boiling points of the mix. 
tures, two identical simple 
barometric ebulliometers of 
the type developed by 
Swietostawski [15], shown in 
figure 1, were used.’ One of 
these was filled with purified 

normal water, the other with 

AN the mixture to be investi- 
gated, and they were mounted 
side by side at the same 
Drop Counter: level. Both waters were 
boiled continuously at the 

same rate, as measured by 

means of the drop counters 

Burner below the condensers in the 


ebulliometers. The boiling 
points, measured as described 
below, were found to remain 


constant within wide limits 
of the rate of boiling, showing 
that superheating did not occur, so a convenient rate within these limits 
was adopted. 

The difference between the boiling point of each mixture and that 
of normal water was determined in the following way. The resistance 
of a calibrated platinum-resistance thermometer (coiled-filament 
type) [10], immersed in the mercury-filled thermometer well of the 
ebulliometer containing normal water, was measured with a calibrated 
Mueller thermometer bridge. A stop watch was started and the 
thermometer was quickly transferred to the ebulliometer contaiming 
the mixture. After a 5-minute interval, the resistance of the ther 
mometer in the mixture was measured and then the thermometer was 
quickly transferred back to the ebulliometer containing normal water. 
After another 5-minute interval the resistance of the thermometer at 
the boiling point of normal water was again measured, and the pro 


3 The ebulliometers used in this work were made by Stefan Qbojski, glassblower at the Polytechnie 
Institute, Warsaw, Poland, to conform to the specifications of W. Swietostawski. 


, gravity of pure D,O at 25°, 


Thermometer Well 























Figure 1.—Simple barometric ebulliometer. 
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cedure repeated to obtain a continuous series of 13 readings at equal 
time intervals. In this way, the average of each two successive meas- 
urements on normal water gave the value of the resistance which the 
thermometer would have had at the boiling point of normal water if 
measured at the same time and pressure as the intermediate measure- 
ment on the mixture. Ordinary variations which occur in atmos- 
pheric pressure make this procedure necessary for precise work since 
a change of only 0.03 mm in pressure changes the boiling point of 
water by 0.001° C, and in this work changes of less than 0.001° C 
were measured. ‘To illustrate the procedure, the data obtained for 
the mixture containing 6.955 percent of D,O are given in table 1. 


TaBLeE 1.—Data for mixture containing 6.995 mole % of D,O 





Resistance in international ohms | 


| 





Mixture om 
, Average Average AT 
normal D:0 


mixture 


Individual 
readings 





Normal water-- ; ; 
D0 mixture 35, 209¢ caer eionet ie 
Normal] water Z 5, ¥ — 
D,O mixture ' ‘= 
Normal water-- . “a8 = 


D;0 mixture. .------ scenceasewensenennneds cecessnscsseanee . ‘ g . 0997 
Normal water ; " . 21055 . 0993 
D;0 mixture eae eet 4 \ 7 . 0991 
Normal water 5. , . 0982 
D;0 mixture ’ . 2008 . 0991 


Normal water q * . 0969 
D;0 mixture 
EE ee eae rditha hisses niitapeR niet 

















Average AT'=0.0980 +0.0011° C 


Each measurement on normal water is also bracketed between two 
equally spaced measurements on the D,O mixture, thus giving the 
series of differences in boiling points shown in column 5 of table 1. 
Within the precision of the differences measured, each 0.0001 ohm is 
equivalent to 0.001° for the thermometer used, so that the difference 
between the boiling point of the D,O mixture and the boiling point 
of normal water under the same pressure is obtained by multiplying 
the difference in resistance by 10. From the measurements of Miles 
and Menzies [11] on the vapor pressure of pure deuterium water, it 
is certain that the ratio d7'/dp for dilute aqueous solutions of D,O is 
very close to the same ratio for ordinary water at 100°. Consequently 
the difference in boiling point found at the average pressure prevailing 
during the measurement (within 10 mm of normal) is the same, within 
the precision of the measurements, as the difference under normal 
pressure. The boiling point of water containing 6.955 mole percent 
of D,O is therefore 100.098 +0.001° C. 

The difference between the boiling point and condensation tem- 
perature of each mixture was measured in a differential ebulliometer, 
of the type standardized by Swietostawski [15], shown in figure 2. 

he resistance of the thermometer was measured in the lower ther- 
mometer well, a stop watch was started and the thermometer quickly 
transferred to the upper well. After a 5-minute interval the resis- 
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tance of the thermometer in the upper well was measured and then 
the thermometer was transferred back to the lower well again. After 
another 5-minute interval the resistance at the boiling point was 
again measured, and the procedure was repeated to obtain a series of 
readings at equally spaced intervals of time. By this method differ. 
ences due to changes in barometric pressure during the measurements 
were rendered negligible, as in the measurements of boiling point with 
the simple ebulliometers. The differential ebulliometer thus served 
as its own barometer. The precision obtained was first determined 

using normal water in the 
differential ebulliometer and 
measuring 11 successive 
fh values of the difference be. 

















tween the boiling and conden- 
sation temperatures. The 
results showed that, within 
a few ten thousandths of 1° 
Q there was no difference be. 












‘ tween these two temperatures 
in the case of ordinary water 
and, in addition, that equilib- 
rium was obtained without 
superheating effects and that 
the water had been ade 
quately purified. 





























Thermometer Well 








Ill. EXPERIMENTAL 
RESULTS AND CON. 
CLUSIONS 


In table 2 the values in the 
first column are the measured 
differences in density between 
the solutions and normal 
water, the second colum 
shows the corresponding 
values of AS, the third con- 
tains the calculated mole per- 
Figure 2.—Differential ebulliometer. cent of D.O in each solution, 
the fourth gives the difference 
between the boiling point of each solution and the boiling point of 
normal water, as measured with the simple barometric ebulliometers, 
and the fifth column shows the difference between the boiling pomt 
of each solution and the temperature of condensation of its vapor 
the differential ebulliometer. 

To obtain the composition of the vapor in equilibrium with the 
boiling solution, the number of theoretical plates equivalent to the 
space between the thermometer wells in the differential ebulliometer, 
considered as a fractionating column, was determined. For this de 
terminination two binary mixtures were used for which the boiling 
point-composition data for the liquid and vapor phases seem to 
well known. ‘These were benzene-ethylene chloride [12, 13] and hey 
tane-toluene [1], the data for the latter system being apparently mor 
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TABLE 2.—Boiling-point—composition data for dilute solutions of D,O 





100AD Mole % of 
D,0 


AS= 099707 


AT At 
(bp—100°) | (bp—C. 7'.) 





0. 000330 0. 311 0. 0039 
. 680 . 0090 
1,038 - 0149 
: 3. 162 . 0444 
. 007392 6. 955 . 0880 
(. 1074) (100.) (1. 40) 

















consistent and reliable than those for the former. The method was 
to fill the differential ebulliometer with a mixture of known composi- 
tion, measure the difference between the boiling point and condensa- 
tion temperature, and from the known boiling-point—composition 
diagram for the system, to determine graphically the corresponding 
number of theoretical plates. The plate equivalent of the differential 
ebulliometer was found to be 0.90 with the benzene-ethylene chloride 
mixture and 0.96 with the heptane-toluene mixture. The value of 
slightly less than one theoretical plate indicates that although a tem- 
perature equilibrium, within a few hundredths of 1°, was attained 
between the boiling and condensation temperatures, the true compo- 
sition equilibrium between the liquid and vapor phases was not at- 
tained, probably because of the rapid rate of boiling required to pump 
the mixture of liquid and vapor over the lower thermometer well 
(fig. 2). However, for the purpose of this investigation it is suffi- 
ciently accurate to consider the differential ebulliometer as equiva- 
lent to one theoretical plate. 

The relation between normal boiling point and composition of the 
system H,O—D,O is shown graphically in figure 3. The boiling point 
increases linearly with increase in D,O, the largest deviation of any 
point from the straight line labeled ‘“‘liquid” being only a few ten- 
thousandths of 1°. This line is represented by the equation 


mole % of D,O=70.9AT, | (1) 


in which AJ’ is the increase in normal boiling point accompanying 
the increase in D,O. The ease and rapidity with which comparisons 
of boiling points can be made with precision, by means of the ebullio- 
metric technique of Swietostawski, suggests this method as a con- 
venient analytical procedure for following the early stages in the 
production of heavy water. The linearity of the relation evidently 
extends through the entire range of composition since, by extrapola- 
tion of the straight line, or calculation from equation 1, a value of 
101.41° C is obtained for the boiling point of pure D,O as compared 
with 101.42° measured by Lewis and Macdonald [8], and 101.40+ 
0.016° C obtained by Miles and Menzies [11] from vapor-pressure 
measurements. 

The curve labeled “‘vapor’ in figure 3 shows the composition of the 
a in equilibrium with the boiling mixtures and is based on the 
value of 1 for the theoretical-plate equivalent of the differential 
ebulliometer. The closeness of the vapor and liquid composition 

es indicates that a large number of theoretical plates would be 
required in a fractionating column to effect. much separation. 
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Although the system consists of two components, H,O and D,0, 
there are in reality three substances present, because of the reaction 


Topley and Eyring [16] have calculated the equilibrium constant K 
of this reaction to be 3.26, while the simple assumption of random 
distribution [7] gives 4 for the constant. In dilute solution the use of 
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Figure 3.—Boiling-point-composition diagram. 


either value gives practically the same result for the amount of HDO 
present. For example, in a mixture containing 1 percent of D,O, the 
fraction of the D,O converted to HDO is 0.985, if K=3.26 and 0.990 
if K=4. For simplicity, without appreciably affecting the results, 
K will be assumed to be 4. On the basis of this value of K and the 
assumption that the vapor pressure of pure HDO is the geomettc 
mean of the vapor pressures of H,O and D.O,i. e., Papo= (Du,0Pp,0)™) 


it has been shown by Wynne-Jones [20] that, for ideal solutions, the 
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mole ratio of D to H in the liquid phase divided by the mole ratio of 
D to H in the vapor phase would be 


R= (Pmo/Pp20) ". (3) 


Values of (Pu.0/Pp.0)'”? corresponding to different temperatures 


can be computed by means of the equation 


log 2220 — —16.998671 4. 268.8426 | 7 4971604 log T 
P20 L 


—9.761107 X10-°7'+- 4.4288 & 10-°T? (4) 


obtained by Miles and Menzies [11] from comparative measurements 
of the vapor pressures of ordinary water and deuterium water in 
differential tensimeters. According to this equation (py,0/Pp.0)"?= 
1.0264 at 100.0° and 1.0250 at 100.1°. The earlier data of Lewis and 
Macdonald [8] yield: (py,0/Pp.0)"?=1.026 between 100.0° and 100.1°. 
Values of R obtained graphically from figure 3 are given in table 3. 
Although there appears to be a decreasing trend in the ratio with 
increase in D,O, the precision of the graphical evaluation coupled 
with the small magnitude of the differences between boiling and con- 
densation temperatures and the assumption that the differential 
ebulliometer is equivalent to exactly one theoretical plate does not 
justify recording R to better than 1 percent. The uncertainty in the 
value of FR is relatively larger in the very dilute range. However, 
above 3% of D,O the agreement of R with (py,0/Pp,0)"” is adequate 
to show that mixtures of D,O and H,O are nearly perfect solutions at 
the boiling point. 


TasLe 3.—Ratio of D,O/H;0 in the liquid to D,0/H,0 in the vapor 





Liquid Vapor 





Mole frac- 
tion 


Mole frac- 


tint Mole ratio Mole ratio 





0. 0089 
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ELECTRON CONCENTRATION AND SPECTRAL INTENSITY 
DISTRIBUTION IN A CESIUM DISCHARGE 


By Fred L. Mohler 


ABSTRACT 


The theoretical relation between the transition probabilities for line emission 
in a given series and the probability of recombination into the final state of the 
series is derived from the postulate that the line intensity approaches the con- 
tinuous intensity at the limit in thermal equilibrium. The measured values of A 
for the subordinate series of cesium lead to a value 1.7 X 107?! em? for the effective 
cross section for recombination of a 0.3-volt electron into the 6P limit. Measure- 
ments of recombination intensity and electron concentration have led to an identical 
value at low pressures, but the value apparently increased with pressure. It is 
concluded that probe measurements are systematically low at higher pressures and 
the intensity of the continuous spectrum is used as a basis for computing the true 
values of electron concentration N,. 

It has been shown that at pressures above 60 yu all the higher series lines have the 
same reversal temperature. One can define a temperature, 7, by a given value 
of N, in Saha’s equation and the values so derived are equal to the reversal tem- 
peratures of the higher series lines. 7’, is always less than the electron temperature 
but the two approach each other with increasing pressure. 


CONTENTS 


I. Introduction 
II. Relation between the probability of recombination and the line tran- 
sition probabilities 
III. Probability of recombination into 6P of cesium 
IV. Electron concentration from intensity measurements 
V. Equilibrium between excited states and ionized states 


I, INTRODUCTION 


A series ' of papers has described a systematic study of the columnar 
discharge in cesium vapor in which various phenomena have been 
studied as a function of vapor pressure and current in a tube 1.8 cm 
in diameter. The data include electrical measurements of electron 
concentration and temperature, measurements of the number of 
excited atoms in different excited states, and measurements of inten- 
sity distribution in the line spectrum and in the continuous recom- 
bination spectrum. The purpose of finding general relations between 
the intensity distribution and the electrical conditions was not fully 
realized because of an apparent contradiction in the experimental data. 
In this paper the contradiction is removed by a more or less arbitrary 


25 (Hise pong Power input and dissipation in the positive column of a caesium discharge, BS J. Research 9, 
poulision of the first and second kind in the positive column of a caesium discharge, BS J. Research 9, 493 (1932) 


Recombination radiation in the cesium positive column, BS J. Research 10, 771 (1933) RP565. 
apeeree! temperature and population of excited states in the cesium discharge, J. Research N BS 16, 227 (1936) 


Intensity distribution in the line emission spectrum of cesium, J. Research NBS 17, 45 (1936) RP901. 
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choice between conflicting results, and a general relation is thereby 
derived which seems to justify the choice. 

The dilemma arose in the measurements of the intensity of the 
continuous recombination spectrum as a function of the number of 
electrons per cubic centimeter, N,. One would expect the intensity 
to depend only on the number of electrons and ions and on the electron 
velocity distribution. The experiments indicated that the intensity 
was from 10 to 40 times as great at a pressure of 300 microns of 
mercury as at 1 micron for equal values of V,._ This led to the assump. 
tion that the probability of recombination with emission of radiation 
depended on the vapor pressure.2 The rate of recombination at 
higher pressures is known to depend on pressure, but the conventional 
view is that the process is radiationless. An alternative possibility is 
that the probe wire measurements of N, are systematically in error at 
the higher pressures. Studies of the line intensity as a function of 
discharge conditions and consideration of the theoretical relation 
between line intensity and continuous intensity support the second 


alternative.® 


II. RELATION BETWEEN THE PROBABILITY OF RECOMBI. 
NATION AND THE LINE TRANSITION PROBABILITIES 


It is a familiar fact that an intense continuous spectrum beyond a 
series limit is always accompanied by relatively intense higher series 
lines which gradually merge into the continuum 50 or 100 A on the 
long wave length side of the theoretical limit and there is no per- 
ceptible discontinuity at the limit. The relation between line transi- 
tion probabilities and the probability of recombination can conveni- 
ently be derived from the postulate that in thermal equilibrium the 
line intensity and the continuous intensity must similarly approach 
equality at the limit. 

The intensity in ergs per cubic centimeter of radiation from a transi- 
tion from the nth state of a series into a common final state is 


J,=N,A,/y, (1) 


where A, is the transition probability and N, is the population of the 
nth state. Ata temperature, 7’, 


N.=N, 3 exp. (—E,/kT), (2) 
1 


where E, is the energy of the nth state relative to the normal state, 
N, is the population of the normal state, and g, and g, are the weights 
of the two states. The average frequency interval between two 
successive lines of a hydrogen series, or any series if 7 is large, is 


dv=2R/n', (3) 


where R is the Rydberg frequency. In a finite interval, Av, near 
the limit there are then Avn’/2R lines and the integrated inten 
sity is 
Jas oar Oe ( A,n* 
f, fide=N,& exp. (—EJkD) | Sera, 


3 BS J. Research 10, 771 (1933) RP565. 
3J. Research NBS 17, 45 (1936) RP901. 
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where #, is an average value. Since A,n’* is a constant for large 
values of ” 

Je g A,n 

—— dv=N,= exp. (— E,/kT) —5-Avp. 4 

a hy "th if ( n/ ) aR ( ) 

The continuous spectrum arises from electrons with a continuous 

range of kinetic energy, &, falling into a level of limiting frequency, 
y,, with emission of radiation of frequency, », where 


hv=hy,+-E. (5) 


The probability of capture into this level can be expressed in terms of 
the effective collision area, g. The number of effective collisions of 
electrons in an energy range, AZ, with ions equals the number of 
quanta in the corresponding frequency range, Ay. In equilibrium 
the fraction of collisions in the energy range, AZ, is given by kinetic 
theory, the number of ions and-electrons is equal, and 


J(v)Av_40""h N2 


hv -2m- (kT)? exp. (— E/kT) EqAv. (6) 


Saha’s equation gives for the value of N/ 
x (2am)*? |... Qat es 
NZ= err. (kT)32=Z_ Nn, exp. (—£,/kT), (7) 
h 91 
where gt is the weight of the ionized state and £; the ionization 
energy. Putting this value of N.’ in equation 6, 


J(v)Av _ 16rmg* ee (-=3- —_ 
eee N, exp. EP ) Eady. (8) 





As E approaches zero, Hg remains finite* and the exponent ap- 
proaches #,/k7T'. In equation 4 the exponent has the same limiting 
value, and the condition that line and continuous spectra have equal 
intensities at the limit reduces to 


h? 


| Jn _ RV\/ —43 Yn , 8 

Kq= 39amB gt 40” —1-45X i¢-* gt ° (9) 
This is not a new relation but could be derived from the law that 

the line absorption equals the continuous absorption at the limit. 

The two products, Hg and An’, are both roughly proportional to X, 

and this approximation will be used in deriving values at the limit 

from observed values. 


III. PROBABILITY OF RECOMBINATION INTO 
6P OF CESIUM 


Equation 9 will be used to compare experimental values of A, for the 
subordinate series of cesium and q for the continuous spectrum beyond 
the 6P series limit. This is a doublet system with limits \)=5080 and 
4944, the first being the more intense. For simplicity this will be 
treated as a single limit at \)=5080. 

hon, and Boeckner, BS J. Research 2, 489 (1929) RP46. 
7 FP ys. 8, 113. (1927). 
106351—36——_4 
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Values ° of A, obtained in a limited range of discharge conditions 
(pressure greater than 60 yu) in which both N, and J could be evaluated 
gave 

A,n’=5.8X 108 at. 45080 


for the sum of the doublet components. The integral on the left side 
of equation 4 must include all series with the common limit. For 
the S series, g,A, is 0.1 times the value for the D series and for both 


Aan = 6.4 10°, 


From equation 9, Eg=9.310% at 4=5080. For comparison with 
the recombination spectrum, g will be evaluated at E=0.48 X10-” erg 
or 0.3 electron volt, corresponding to 4520 A. 


Hq=8.3 X10". g=1.72 10-7 cm?. 


The experimental value of g based on recombination measurements 
at low pressures is almost exactly this, viz., g=1.7X10-". The 
exact agreement is certainly accidental but the precision is sufficient 
to show that the values of A measured at high pressure are consist- 
ent with the low-pressure values of g and not with the high-pressure 
values which are over 10 times as great. The value 1.710-# em? 
is of the same magnitude as the theoretical value fer recombination of 
a 0.3-volt electron into the 2, level of hydrogen, viz., 3.66 10-7 em? 

These considerations strongly support the conclusion that there 
is a systematic error in the probe measurements of N, used in com- 
puting values of g from the observed intensity of the recombination 
spectrum. A possible explanation of the error is that the current to 
the probe lowers the concentration of the electrons in the plasma near 
the probe. Such an effect would increase with pressure and the mag- 
nitude of the effect seems sufficient to account for the discrepancy. 
-The theory of probe measurements is rigorous only at low pressures 
and the best experimental checks on the theory have been made at 
low pressures.* There are many possible complications at higher 
pressures * and no assurance that the electron diffusion effect is 
predominant. 


IV. ELECTRON CONCENTRATION FROM INTENSITY 
MEASUREMENTS 


There is no reason to doubt the constancy of atomic transition 
probabilities, and the intensity of the recombination spectrum can be 
used to compute values of N,. The author has published intensity 
measurements as a function of apparent values of N, for pressures 
ranging from 0.78 to 290 u." There is roughly a twofold change m 
electron temperature in this range and equation 6 shows that the 
intensity at the limit varies inversely as 7°*. Figure 1 gives 4 

6 J. Research NBS 17, 45 (1936) RP901. 

7 Stueckelberg and Morse, Phys. Rev. 36, 16, (1930). 

8 Langmuir and Mott-Smith, Gen. Elec. Rev. 27, 449, 538, 616, 762, 810 (1924). 


* Seeliger and Hirchert, Ann. Phys. 6-11, 817 (1931). 
10 BS J. Research 10, 771 (1933) RP565. 
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Figure 1.—Logarithmic plot of intensity of the continuous spectrum near the 6P 
limit versus the observed electron concentration. 


Observed values of J are reduced to a standard electron temperature of 3,480° K 





854 Journal of Research of the National Bureau of Standards va.» 


logarithmic plot of intensity versus measured values of N,. Observed 
intensities have been multiplied by (7'./3480)*” to reduce all values 
to a standard temperature of 3,480° K corresponding to 0.3 electron 
volt: Measurements in the pressure range 3 to 0.78 yu give intensities 
accurately proportional to N?, and independent of pressure and lead 
to the value g=1.710-" cm? quoted above. The horizontal jn- 
terval between the observed curve at any higher pressure and the 
curve on the right is taken to be the log of the correction factor by 
which apparent values must be multiplied to give true values. For- 
tunately, in the series of papers on the cesium discharge numerical] 
values involving N, are based largely on low-pressure measurements 


——— 











L 


L5 
Log PINE 
Figure 2.—Logarithmic plot of electron concentration at the center of the positive 


column in a tube 1.8 em in diameter. 
Values of N, are based on low-pressure probe measurements and the recombination intensity. 


and need not be revised. The only exception is the paper on re- 
combination. 

Figure 2 gives corrected values of log N, as a function of log 4, 
microns for various currents in a column 1.8 cm in diameter. The 
values are based on the maximum intensity near the axis of the tube. 
Values of N, increase, but at a decreasing rate with increasing pres- 
sure. At high pressures N, is roughly proportional to the current, 
while at low pressures the change is nearly proportional to the square 


of the current. 


V. EQUILIBRIUM BETWEEN EXCITED STATES AND 
IONIZED STATES 


Direct measurements of the reversal temperature of the higher 
series lines of the principal series" and intensity measurements 
S, D, and F series indicate that at pressures of the order of 100 » all 


ul J, Research NBS 16, 227 (1936) RP869; 17, 45 (1936) RP901. 
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states beyond the third in each series have the same reversal tempera- 
ture. The number of atoms in a given state, N,, is related to the 
reversal temperature, J;,, by an equation of the Boltzman form. 


N.=Nit exp. (—E,/kT,). (10) 
1 


There is then a temperature distribution of excitation among the 
higher states and the theoretical considerations of the first section 
suggest that this common value of 7, must be related to the electron 
concentration, V,. By equation 10 a value of 7’, is defined by a given 
value, V,, without any assumption as to equilibrium, and in the same 
way one can define a temperature, 7, by the use of Saha’s equation 
and a given value of N,, 


+ 
N2=2.43X 10M, Te” exp. (—E,/kT,) (11) 
1 

















1S 
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Figure 3.—Full lines and dots give T, based on values of N. from figure 2 and Saha’s 
equation; crosses give reversal temperatures of higher series lines and broken lines 
give the reversal temperatures of the resonance doublet which is nearly equal to T,. 


It can be seen from the derivation of equation 9 that if the line intensity 
approaches the continuous intensity at the limit then 7, must 
approach 7’. 

Values of NV, from figure 2 have been used to compute values 
of 7,, and table 1 and figure 3 show that there is a fairly satisfactory 
agreement between 7), and 7, in the range in which 7, can be evalu- 
ated. This consistency of the results justifies the method of basing 
values of N, on intensity measurements, for the correction brings a 
wide range of experimental data into fair agreement. 

The common value of 7, and 7, is much less than the electron tem- 
perature, while the reversal temperature of the first doublet of the 
principal series, 7’ (2P), is nearly equal to the electron temperature 












856 Journal of Research of the National Bureau of Standards - [va.m 


except at very low pressures.” Values of 7 (2P) have been included 
in figure 3 and table 1. The two temperatures, 7, and 7, define the 
electrical conditions in the plasma. The one gives the velocity 
distribution of the electrons and the other the number of electrons and 
ions per cubic centimeter for a given value of N,. At high pressures 
where electrical methods fail, both can be measured by optical methods, 
The intensity of the continuum near a series limit gives 7’, and the 
intensity distribution depends on 7’,.* 


TABLE 1.—Electron concentration, T,, and reversal temperatures for a positive 


column in cesium vapor 


| Current 
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The elementary interactions between electrons, atoms, and radiation 
in a discharge become very complicated with increasing pressure, but 
these processes gradually approach equilibrium with each other so 
that statistically the discharge conditions become simpler as pressure 
and current increase. At extremely low pressures the plasma elec- 
trons take up a temperature distribution of velocity. (The mecha- 
nism is not entirely clear.) Above a pressure of 10 yu collisions of 
the first and second kind keep the number of atoms in the first excited 
state nearly in equilibrium with the electron temperature. Ionization 
of highly excited states and recombination into these states bring the 
number of ions and of excited states to equilibrium near 60 ». Above 
this pressure the intensity of the higher series lines and of the 
continuum near the limit is characteristic of the temperature, J, 
but the population of the first excited state and the intensity distt- 


13 BS J. Research 9, 498 (1982) RP485. 
18 Mohler and Boeckner, BS J. Research 3, 303 (1929) RP96. 
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bution in the continuum depend on 7,. Itis seen from figure 3 
that these two temperatures approach each other with increasing 
pressure. Presumably recombination on the tube walls keeps 7; 
below 7., and they will approach equality when spacere combination 
becomes predominant. Then one temperature will define electrical 
conditions and spectral intensity distribution for a given value of 
N,. The gas temperature has been assumed to be the wall tem- 
perature, butis probably appreciably above this at the higher pressures, 
and the value of N, becomes uncertain. 

Studies of arcs at atmospheric pressure “ indicate that the gas 
temperature in the core of the discharge is nearly equal to the electron 
temperature. This last stage in the approach to equilibrium is 
probably not approached in the range of pressure studied here. 


I am indebted to Dr. C. Boeckner for pointing out the possibility 
that probe measurements of electron concentration may be system- 
atically low at higher pressures. 

WASHINGTON, October 16, 1936. 


is Mannkopff, Z. Phys. 86, 161 (1933). 
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STUDY OF THE EFFECT OF FIBER COMPONENTS ON THE 
STABILITY OF BOOK PAPERS 


By Merle B. Shaw and Martin J. O’Leary 


ABSTRACT 


Supplementing previously reported studies relating to the permanence of writing 
papers used for records, an investigation of the relation of papermaking materials 
and processes to the stability and other properties of book papers is in progress. 
This article reports the results of tests of a number of pulps commonly used in fine 
printing papers as regards the stability of experimental unsized papers made from 
them. The effect of filling and sizing materials, respectively, will be reported in 
subsequent papers. 

The papermaking fibers used were representative commercia] materials and 
consisted of four kinds of purified wood pulp, soda pulp and sulphite pulp (mixed 
in beater furnish), new rags (no. 1 white shirt cuttings), and old rags (no. 1 old 
whites and twos and blues, blended in the beater.) The pulps and half-stuffs 
ranged in quality from 78 to 93 percent of alpha-cellulose and from 3.8 to 0.4 in 
copper number. The composition of the beater furnishes was 85 percent of fiber 
and 15 percent of clay, which is a proportion commonly used for book papers. 

The experimental papers made from the rags had the characteristics of good 
book papers and showed no appreciable change in the accelerated aging (heat) test, 
which indicates a very high degree of permanence. One of the purified wood 
pulps produced a relatively stable sheet of satisfactory book-paper quality. The 
papers made from two of the wood pulps were somewhat less stable in the acceler- 
ated aging test, but that made from the remaining purified wood pulp was strong 
and relatively stable. The paper produced from the mixture of sulphite pulp and 
soda pulp was considerably less stable than the papers made from the purer fibers. 
A close relation was shown between the cellulosic purity of the fibers and the sta- 
bility of the unsized papers made from them, but only a small amount of alum and 
no rosin size were used in the manufacturing process. The effect of these variables 
on the stability of the papers will be studied in the second part of the investigation. 


CONTENTS 


. Introduction 

. Fibers used 

. Papermaking equipment 

. Papermaking processes 

. Test methods 

. Analyses of papermaking materials used 


2. Clay 
. Data on papers made 
. Summary and discussion 
. References 


I. INTRODUCTION 


As a part of its program of research relating to the stability of papers 
used for records, the National Bureau of Standards is making a study 
of the relation of papermaking materials and processes to the strength, 
stability, and other properties of book papers. This study is the fourth 
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in a series planned to include all the important types of fibrous raw 
materials commonly used in the manufacture of record papers. The 
three preceding studies related to writing papers [1, 2, 3]. 

A suggested classification and specification of book papers for record 
purposes published by the Bureau [4] comprise four classes, ranging 
from papers for permanent records to those suitable for temporary use 
only. The classification and specification were based on tests of 
commercial papers. The results of the tests showed that the stability 
of book papers, as was found also for writing papers, is not always 
commensurate with the quality of the fibers used in their manufacture, 
It is believed that papermaking studies made under the carefully 
controlled conditions possible with the semicommercial equipment of 
the Bureau should indicate the best practice for obtaining the optimum 
results with each kind of fiber and other raw materials. The commer. 
cial application of such knowledge should ultimately lead to improved 
quality of papers with respect to their endurance. 

The study of book papers will necessarily be much more extensive 
than that of the writing papers [1, 2, 3] because of the greater variety 
of materials used in book papers. ‘This is true not only with respect 
to the fiber components but also to the use of filling and coating 
materials. Because of the considerable time required to complete 
the program as a whole, it has been divided into three subprojects, 
The first is a study of the fibers commonly used. The other two wil 
deal with the effect of filling and sizing materials and the effect of 
mineral coating materials, respectively, on the stability and strength 
of book papers. ‘The present article is a report of the relation of 
chemical characteristics of fibers of different degrees of purity to the 
stability of papers made from them. The alpha-cellulose content 
and the copper number have been found to be closely related to the 
stability of paper—high alpha-cellulose content and low copper 
number being characteristics of stable paper. In this work consider- 
tion has been given also to beta- and gamma-celluloses and to 
pentosans. 



























II. FIBERS USED 


It should be kept in mind that this is not a general study of the 
manufacture of book papers, but is a study made primarily to obtain 
information to assist in the specification of book papers for printed 
records. Since the papers to be made will therefore be limited tos 
sufficient number for this purpose only, the selection of fibrous mate 
rials to be employed in the investigation covered the range of those 
commonly used in the fine printing papers. 

The fibers were obtained from commercial manufacturers. They 
consisted of four wood pulps produced with special pulping and 
bleaching treatments to obtain high purity and strength; soda pulp 
and sulphite pulp of the ordinary book-paper grade; new rags, the grade 
known commercially as no. 1 white shirt cuttings; and two grades 
old rags, no. 1 old whites and ‘‘twos and blues.” 


III. PAPERMAKING EQUIPMENT 


The Bureau paper mill contains equipment for the experimentt 
manufacture of practically all types of paper under conditions whic: 
in general simulate those of industrial mills. Figures 1 and 2 sho 


1 Numbers in brackets refer to the list of references at the end of this paper. 
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the experimental paper machine. A complete description and other 
photographs of the equipment may be found in previous publica- 


tions [5]. 
IV. PAPERMAKING PROCESSES 


The methods of beating and paper-machine operation followed very 
closely those described in the other publications of this investigation 
(1, 2, 3].. The reader is referred to them for details. 


V. TEST METHODS 


The physical and most of the chemical tests of the fibrous materials 
and of the papers were made in accordance with the official methods ? 
of the Technical Association of the Pulp and Paper Industry. An 
improved volumetric method developed at the Bureau by H. F. 
Launer was used to determine the alpha-, beta-, and gamma-celluloses. 
In this method the fibers are treated with an approximately 2/7 solu- 
tion of sodium hydroxide. The entire alpha-cellulose residue, as well 
as portions of the filtrate, is quantitatively oxidized by dichromate, 
and the proportions of the constituents in the sample are calculated 
on the basis of the dichromate data alone. The method used for 
determining the pentosans (complex carbohydrates widely distributed 
in plants which yield pentoses on hydrolysis) was essentially the same 
as the method that has previously been regularly used. The pH was 
determined electrometrically, using a quinhydrone and also a glass 
electrode. 

The relative stability of papers cannot be determined by analysis 
of the original papers alone. Therefore, the pertinent physical and 
chemical tests were applied not only to the original papers but to 
samples that had been submitted to an accelerated aging test as well. 
This test is made at the Bureau by heating specimens of the paper for 
72 hours at 100° C and then determining to what extent the paper 
has been altered in folding endurance, tearing strength, alpha-cellulose 
content, and copper number. For details of this test the reader is 
referred to previous discussions of the method [6}. 


VI. ANALYSES OF PAPERMAKING MATERIALS USED 
1. FIBERS 


Analyses showing the degree of cellulosic purity of the wood pulps 
and the various grades of rag half-stuffs (partially pulped rags that 
have been boiled, washed, and drawn out of weave) used in the manu- 
facture of the papers are given in table 1. The pulps and half-stuffs 
ranged in quality from 78 to 93 percent of alpha-cellulose and from 
3.8 to 0.4 in copper number. The method employed in preparing the 
rag half-stuffs was the same as that described in detail in an earlier 
publication [3]. 


,,. Copies of the methods can be obtained from the Technical Association of the Pulp and Paper Industry, 
122 Kast 42d Street, New York, N. Y 


‘The method will be described in detail later in a Bureau publication on the subject. 
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TABLE 1.—Chemical test data on fibrous materials used 
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1 These pulps were produced by special cooking and bleaching treatments to obtain improved quality, 
2 Based on total cellulose. 


2. CLAY 


The clay used was a domestic commercial filler clay: The following 
analysis * shows its composition. 
Loss at 105° C 
Further loss on ignition 
Silica (SiO2) 
Iron oxide (Fe,03) 
Alumina (Al,03) 
Titanium oxide (TiO,) 8%. 
Calcium oxide (CaQ) Not detected. 
Magnesium oxide (MgO) Not detected. 


VII. DATA ON PAPERS MADE 


The composition of the. beater furnishes (materials blended in the 
beater), regardless of the kind of fibrous material, was 85 percent of 
fiber and 15 percent of clay, a proportion common for book papers, 
No rosin was added. Just enough alum (aluminum sulphate) was 
used to clear the water in the beater in the first few runs. After the 
amount required had been established the quantity was kept prac 
tically constant for the remaining runs irrespective of the appearance 
of the water. 

Data relative to the beater furnish and the beating time for each 
paper-machine run and various measurements on the papers made are 
given in tables 2, 3, and 4. 


4 Made by Chemistry Division, National: Bureau of Standards. 
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TaBLE 2.—Papermaking details and some physical properties of the book papers 
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1 Beater furnish for each run was 85 percent of fiber and 15 percent of clay. 

? Bursting pressure, in pounds per square inch, through a circular orifice 1.2 inches in diameter. 
1 For test specimen 15 mm wide and 100 mm between jaws. 

‘ All physical tests made at 65 percent relative humidity and 70° F. 

§ 50% of no. 1 old whites, 50% of twos and blues. 
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TABLE 3.—Folding endurance and tearing strength data on the book papers 
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machine : 

sen Fiber composition 
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65 |* 2, 866 | 41,078 











10 | 4120] *70 
8 #80 | *50 














Cross direc- 


tion 








1 Test specimen 15 mm wide. 


2 All physical tests made at 65-percent relative humidity and 70° F. 
3 San ples heated at 100° C for 72 hours. 


‘Tests made at 0.5-kg tension. 
‘Tests made at 1-kg tension. 
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Purified wood pulp A.—The procedure followed in the beating treat. 
ment of purified wood pulp A, runs nos. 1102 and 1103, was that con. 
sidered suitable for producing a good book paper. The beaten fibers 
were long but remained separate and did not ball or clot during the 
beating, and screened, through 0.014-inch slots, exceptionally well for 
such long fibers. The beating time was 5 hours. 

Because of difficulties in adjusting the paper machine and the weight 
of the paper during run no. 1102, the run was repeated (no. 1103), 
The finished papers of the two runs were considered very satisfactory, 
The data given in tables 3 and 4 indicate that they were also rel. 
tively stable, being little changed in alpha-cellulose content, copper 
number, folding endurance, and tearing strength after oven aging, 

Purified wood pulp B.—The beating treatment given the pulp for 
run no. 1104 was similar to that given purified wood pulp A, runs nos, 
1102 and 1103, but the beaten fibers seemed ‘‘brash” (were not soft 
and pliable) and the formation of the sheet was not good. 

For machine run no. 1106 the beater was furnished lighter, that is, 
with lower stock consistency, to promote faster circulation of the 
stock, and the beater roll was lowered more rapidly to the plate to cut 
up the fibers more quickly. The pulp was beaten hard for 6 hours, f 
yet the fibers remained long. The stock caused no trouble on the 
paper machine, and handled much better than that for run no. 1104. 
The results were better with the thinner consistency, but the paper 
seemed too hard and was not so well closed a sheet as is desirable for 
book paper. 

It is apparent that the beater roll of the Bureau’s 50-pound beater 
is not heavy enough, nor the beating tackle (bars of beater roll and 
bed plate) thin and sharp enough, to cut strong long-fibered pulp as 
quickly as is required to produce soft, bulky printing paper. The 
longer beating time required with the relatively light roll equipped 
with comparatively blunt tackle results in a sheet that is less opaque 
and harder than is suitable for book papers, but it would be satis- 
factory for writing papers. 

The color of purified wood pulp B was not so good as that of pulp A. 
The test data on the cellulosic purity of the papers and their stability 
toward the heat test show the life expectancy of that made from pulp 
B to be less also. 

After run no. 1104 was made it was learned that pulp B is not i- 
tended to be used as an entire fiber furnish for book paper, but is 
recommended as a part-furnish to increase the strength of the weaker 
pulp. The following run was made from such a mixed furnish. 

Purified wood pulps A and B (mized furnish).—The fibrous matenal 
of the beater furnish for run no. 1105 was 75 percent of purified wood 
pulp A and 25 percent of purified wood pulp B. The run was made 
to determine whether the addition of pulp B would strengthen the 
sheet without impairing its stability. The test data indicate that the 
addition of the small amount of the relatively strong pulp to the 
weaker pulp of greater stability gave a stronger sheet than the weaker 
pulp alone, without appreciably lessening the stability of the paper. 

Purified wood pulp C.—Pulp C is recommended by the manufac 
turer for use if paper of fair strength for book purposes is wanted. 
Pulp C, run no. 1110, was more susceptible to hydration than pulp A, 
and the finished paper was harder than that made from pulp A (rus 
nos. 1102 and 1103), but softer than that made from pulp B (rus 
nos. 1104 and 1106). The color was better than that of pulp B. The 
test data show the paper to be strong and fairly stable. 
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Purified wood pulp D.—The beating treatment given the pulp for 
run no. 1107 was the same as that given the mixture of purified wood 
pulps A and B, run no. 1105. The fibers were long and clotted to- 
gether even after the completion of the beating and were difficult to 
separate in the subsequent operations. For machine run no. 1108 the 
beater was furnished lighter to facilitate faster circulation and the 
beater roll was lowered rapidly to the plate to cut the fibers and pro- 
duce free-beaten stock. The pulp was beaten for 6 hours, but the 
fibers still remained long. The finished papers of both runs were hard. 

Again it is apparent that the beater roll and beating tackle are not 
suited to the requirements of hard long-fibered pulp to get the charac- 
ter of sheet for book papers. Different types of paper require differ- 
ent treatment in the beater. The making of book papers, in common 
with other papers requiring bulk and absorptive qualities, depends 
chiefly on quick beating with sharp tackle, the beater being furnished 
light and the beating being effected quickly enough to prevent ex- 
cessive hydration yet producing the desired fraying and fibrillation 
of the individual fibers. 

The test data show that pulp D and the papers made from it were 
strong and relatively stable. If the beating of the pulp could be 
carried out quickly to preclude excessive hydrating, or gelatinizing, 
effect on the fibers, a soft bulky sheet suitable for book paper would 
doubtless be produced and would have the necessary strength for 
severe service. 

Sulphite and soda pulp mizture.—The pulp for the beater furnishes 
for runs nos. 1111 and 1112 was sulphite and soda, mixed in equal 

uantities. The beating treatment for run no. 1111 was merely a 
light brushing of the pulp. The water in the beater did not Mie 
when the alum was added, and the machine water at the head box was 
not clear, but since the present subproject is limited to the pulps, 
no more alum was added. The stock was very free (drained quickly) 
on the paper-machine wire. 

For machine run no. 1112 the percentages of pulps and clay were 
the same as for run no. 1111, but the beating was more drastic and of 
shorter duration. The behavior of the clay in the beater water and 
the machine water was the same as that reported for run no. 1111. 

As indicated by the percentage of ash, table 4, the retention of clay 
in the papers was comparatively low. With regard to retention of 
filler, Steele [7] states that “‘Pigments can be retained in paper by any 
of three mechanisms, namely, filtration, coflocculation, and mechanical 
attachment.” The appearance of the beater and machine waters of 
Tuns nos. 1111 and 1112 indicates that the flocculation was very low. 
Since the beater water for the other pulps was relatively clear, and 
since the same amount of alum was added and the same clay was used 
for all the runs, the retention of clay in the other papers must have 
been due mainly to mechanical attachment. The effect of larger 
amounts of alum, and of the use of rosin size, on the retention‘of clay 
in the sulphite-soda pulp mixture will be studied in the second‘part of 
the investigation of book papers. 

The test data show that the papers were not of very high stability 
as regards retention of folding endurance, although the changes in 
alpha-cellulose content and in copper number were not large. 


106351—36 5 
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New rags.—The rag fiber of the beater furnish for runs nos. 1113 
and 1114 was half-stuff made from no. 1 white shirt cuttings. As the 
severity of beating required for the new rags for book papers had not 
been determined, the furnish for run no. 1113 was given a fairly hard 
beating treatment. For run no. 1114 the beating interval was the 
same as for run no. 1113, but the operation was less drastic, leaving 
the fibers longer. 

The papers made from the new white rags were very satisfactory 
as to character of sheet and judging from the test data were of a high 
degree of stability. 

Old rags.—The beater furnish for run no. 1115 consisted of equal 
parts of half-stuffs made from no. 1 old whites and from twos and 
blues. The stock was prepared by a very mild beating action. Rup 
no. 1116 was similar to run no. 1115 except that the beating treatment 
was of shorter duration and was more severe. The papers made were 
soft and of good formation. They were excellent book papers in 
appearance, and the test data indicate that they were also of good 
stability. 

VIII. SUMMARY AND DISCUSSION 


The data show that a number of the pulps commonly used in the 
manufacture of book papers are suitable for papers that must meet 
specifications requiring a high degree of permanence. 

The experimental papers made from the rags (no. 1 white shirt 
cuttings or the mixture of no. 1 old whites and twos and blues) were 
excellent in appearance and possessed the softness, bulk, and opacity 
which are requisite characteristics of book papers. The fact that the 
folding endurance suffered no appreciable loss in the heat treatment 
indicates that very stable paper can be made from this type of fiber. 

Purified wood pulp A produced a relatively stable sheet of satis- 
factory book-paper quality, although weaker than that made from 
purified wood pulps B or C. The folding endurance and tearing 
strength of book papers, however, are not such important factors as 
in the case of writing papers, which are subjected to greater stresses, 
but they are significant in interpreting the results of the aging 
treatment. 

The paper made from purified wood pulp B or C used as an entire 
fiber furnish was stronger but harder and less stable to the heat test 
than that made from pulp A. The paper produced from purified wood 
pulp D also was hard but it was strong and of relatively stable quality. 
It is believed that the hardness of the papers made from these pulps 
was due to the beater not being suited to the requirements of strong 
long-fibered pulp to produce soft, opaque printing paper. Papers 
requiring bulk and absorptive qualities depend chiefly on quick beat- 
ing with sbarp tackle to prevent excessive hydration yet produce the 
desired fraying and fibrillation of the individual fibers. The longer 
beating time required with the relatively light roll and blunt tackle 
of the beater used at the Bureau resulted in a harder and less opaque 
sheet. If the beating were carried out quickly enough to preclude 
excessive hydration of the fibers a soft, bulky sheet of sufficient 
strength for severe service would doubtless be produced. 

The paper produced from the mixture of sulphite pulp and soda 
pulp was considerably less stable than that made from the purer 
fibers. During the manufacturing process the water was not clear m 
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the beater nor at the head box, and the retention of clay in the paper 
was comparatively low, but since the next phase of the study of book 
papers includes detailed investigation of the effects of larger amcunts 
of alum and the use of rosin size, no further consideration was given 
at this time to the behavior of the clay as regards retention. 

Since clay is chemically inert, and not enough alum was used to 
adversely affect the papers, any deterioration occurring under the heat 
test must be ascribed to the cellulosic components. Resin is present 
only in such small amounts that it can be disregarded. 

The changes in the beta- and the gamma-cellulose contents of the 
heat-treated papers were not significant enough to warrant the use 
of these values as criteria of the stability of the papers. The present 
belief that alpha-cellulose content and copper number are closely 
related to stability of paper, and that high alpha-cellulose content 
and low copper number, with very little change in these attributes 
when the papers are heated, are characteristics of stable paper, is 
supported by the data. 

The pentosan content of the different papers was not appreciably 
changed by the heat treatment, and accordingly will receive little 
further consideration in this study. 

Although the cellulosic purity of the pulps and the probable sta- 
bility of the papers made from them were found to be related, it 
should be kept in mind that only a small amount of alum and no rosin 
size were used in the manufacture of the papers. Papers made from 
the same pulps may have different stabilities when quantities of these 
materials are added. The effect of these variables will be studied in 
the second part of this investigation. 


The authors express their appreciation to H. F. Launer, E. E. 
Creitz, and R. W. Carr of this Bureau for assistance in the laboratory 
testing of the pulps and papers. 
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STABILITY OF MOTION-PICTURE FILMS AS DETERMINED 
BY ACCELERATED AGING ? 


By John R. Hill ? and Charles G. Weber 


FOREWORD * 


For some time past, many institutions—libraries in particular—have faced the 
problem of record storage in terms of space, cost, and stability. Among other 
subjects seriously considered with a view to a solution is the problem of photo- 
graphically transferring records to a film base by what is commonly known as 
microphotography. 

Custodians of records have accumulated experience in this field, but most of 
them hesitate to adopt a definite policy until more is known about the stability 
of film bases. The National Archives is especially interested owing to the great 
yolume of Government records under its jurisdiction, duplicates of which in many 
cases are not available. This interest was increased when the Division of Motion 
Pictures and Sound Recordings was set up and efforts were made to preserve such 
material. 

As a result of this interest the National Archives transferred money and per- 
sonnel to the National Bureau of Standards with the understanding that the study 
then in progress on cellulose acetate film would be broadened to cover also cellu- 
lose nitrate film. Under this arrangement the work has moved forward rapidly 
and with gratifying results. The National Archives acknowledges the coopera- 
tion of the National Bureau of Standards and other participants in this work for 
their helpful contributions insofar as it has been a beneficiary. 


CONTENTS 


I. Introduction 
II. Motion-picture films studied 
III. Description of tests 
IV. Physical properties 
1. Folding endurance 
2. Loss in weight 
V. Chemical properties 
1. Acidity (pH) 
2. Stability test of nitrate film 
3.. Copper number 
4. Viscosity 
. Effects of aging on gelatin emulsion 
VI. Summary 


- 


I. INTRODUCTION 


Motion-picture films on a cellulose acetate base are being used as 
an inexpensive and convenient means of reproducing important 
records and for making original records for historical and other edu- 


! This study was made with the assistance of a fund granted by the Carnegie Corporation to the National 
h Council and a fund allotted by the National Archives, and with the advice of the following com- 
mittee appointed by the National Research Council: Robert C. Binkley, American Council of Learned 
Societies and Social Science Research Council; John G. Bradley, National Archives; E. K. Carver, Eastman 
Kodak Company; H. T. Cowling, National Archives, representing Society of Motion Picture Engineers; 
iH B, Sease, du Pont Film Manufacturing Company; F. W. Willard, National Research Council; and 
.M, Lydenberg, New York Public Library, chairman. The Film Preservation Committee of the Society 
of Motion Picture Engineers has been helpful also. 
search Associate at the National Bureau of Standards, representing the National Research Council. 


wi By John G. Bradley, Chief, Division of Motion Pictures and Sound Recordings, The National Archives, 
ashington, D. C. 
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cational purposes. The interest in films for such purposes has be. 
come widespread because of the great saving.in library space and the 
greater availability of material afforded the research worker. 

At the request of the American Library Association and other or. 
ganizations concerned with the preservation of important records 
an investigation of the chemical and physical properties of cellulose 
acetate films, relative to their stability, was undertaken. This work 
is a natural extension of the studies previously made on the preserva- 
tion of records on paper. The American Library Association js 
interested in the stability of cellulose acetate film and information 
concerning the best practice with respect to its storage and use. The 
National Archives is interested in all problems involved in the preser. 
vation and use of both nitrate and acetate films because both types 
will be stored and used there. By coordinating the two projects, 
more rapid progress has been obtained than would have been other. 
wise possible. 


II. MOTION-PICTURE FILMS STUDIED 


A motion-picture film comprises a base of transparent sheeting, 
usually approximately 0.0055 inch in thickness, coated with an 
emulsion in the form of a thin layer of gelatin containing a silver 
compound extremely sensitive to the action of light. There are two 
types of film base in use, both being transparent cellulose esters: 
cellulose nitrate and cellulose acetate. 

Cellulose nitrate sheeting is the base in the ordinary theater type 
of motion-picture film. It is essentially a mixture of cellulose nitrate 
and camphor, and is highly combustible. It ignites at low tempera- 
ture and burns very rapidly, giving off large volumes of oxides of 
nitrogen which are poisonous. Cellulose nitrate is relatively un- 
stable in any form. The base of the safety type of film contains 
cellulose acetate. This material is comparatively stable chemically, 
is not highly inflammable, and burns no more rapidly than ordinary 
paper. The samples used in this study were furnished by the three 
principal domestic manufacturers of motion-picture films and were 
said to be representative of current commercial products. 


III. DESCRIPTION OF TESTS 


The stability of the films was studied by determining the changes 
in their properties under accelerated aging. Various aging treatments 
were tried, consisting in: oven-aging at 100° C in dry air, a method of 
aging that had been found suitable for paper; ** oven-aging with 
moisture provided by an open vessel of water in the oven; heating ina 
steam chest at 99° C; and oven-aging at 100° C with the film inside 
stoppered bottles containing saturated potassium sulphate solut on, 
providing a relative humidity of 95 percent. 

Both physical and chemical tests were used to measure the effects 
of accelerated aging. Any change in chemical properties should be 
reflected in the physical properties, and it is desirable to obtain 4 
correlation between them. The physical property most sensitive l 
deterioration appears to be the flexibility, which can be measured by 
a folding test. The loss in weight on heating was also recorded. The 


3 BS J. Research 3, 476 (1929) RP107. 
* Paper Trade J. 95, 28 (July 1932). 
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chemical testing comprised determinations for: acetyl content, and 
copper number on acetate film; flash or explosion temperature, and 
stability at 134.5° C for nitrate film; and acidity as pH, and relative 
viscosity of acetone solutions for both types of film. 

The determination of acety] content, undertaken to find whether the 
aging of acetate film resulted in loss of acetic acid, was discarded for 
the more direct determination of free acidity, developed in the film, 
as change in pH. The available methods of testing for acetyl content 
were not sufficiently sensitive to detect changes due to aging. Like- 
wise, for nitrate film, the flash-point test was found to be unsatisfactory 
as a measure of stability, and the stability test at 134.5° C used by the 
Ordnance Department of the United States Army for testing gun- 
cottons was substituted. This latter test was found to be applicable 
to the testing of nitrate film as the time of reaction was affected 





100 

















@ACETATE FILM (AVG 3 BRANDS) 
ONITRATE FILM (AVG 3BRANDS) 








ws 
3) 
z 
a 
o 
pa) 
fo} 
z 
we 
° 
z 
c 
a 
° 
oo 
+ 
° 
z 
° 
ee 
z 
a 
ee 
a 
- 
z 
ww 
° 
4 
w 
e 




















0 





0 10 20 30 
TIME OF AGING IN DAYS Ci00°C) 


Figure 1.—Effect of oven-aging on flexibility of cellulose acetate and cellulose niirate 
motion-picture films. 


sharply both by changes due to artificial aging, and by those due to 
natural aging. All aging tests were made on samples of whole film, 
that is, film with the emulsion. Samples were taken from new films 
that had been exposed and processed by the manufacturers. These 
films gave a negative test for residual hypo. 


IV. PHYSICAL PROPERTIES 
1. FOLDING ENDURANCE 


In studying the effect of accelerated aging on the folding endurance, 
two types of folding testers were tried; the MIT folding tester used 
for paper and the Pfund type of tester which is used by the Du Pont 

Manufacturing Corporation for films. The Pfund type was 
found to be somewhat more reliable as to reproducibility of results 
than the MIT type. Difficulty was encountered in the use of the latter 
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because a slight distortion of the film on aging caused edge cracks when 
it was folded over the jaw edges. The Pfund type folds without ten. 
sion, forming a small loop not in contact with any metal edge. It 
appears to give a satisfactory measure of flexibility and, although hand. 
operated, the results are quite reproducible. 

For measurements of folding endurance, test strips of film were cut 
15 mm wide and about 75 mm long and aged at constant temperature 
for the required length of time. After aging, the strips were condj- 
tioned under the standard conditions of 65-percent relative humidit 
and 70° F before testing. Control strips were in all instances condi- 
tioned and tested under the same conditions. A 24-hour conditioning 





00 


























@ ACETATE FILM AVG 3BRANDS 
O NITRATE FILM AVG 3BRANDS —1 


| | 


° 10 20 30 
TIME OF AGING IN DAYS C100%¢) 











e 
x 
= 
ae 
a 
a 
2 
2 
a 
° 
uw 
° 
i 
z 
ww 
o 
a 
na 
a 
on 
a 
9° 
= 
oO 
< 
a 
ce 
7 
— 
a 
e 
x 
oO 
be 
Ed 














Ficure 2.—Loss in weight during oven-aging of cellulose acetate and cellulose nitrate 
motion-picture films. 


period was used in all cases as both types of films were found to reach 
practically constant weight within that time. 

The results of ordinary oven-aging at 100 +2°C on the folding 
endurance of cellulose acetate and cellulose nitrate film are shown in 
figure 1. The curves show average values for three brands each of 
acetate film and nitrate film. Both curves start with about the same 
slope and show a retention of between 80 and 85 percent of the 
original folding endurance after 24 hours’ aging. On continued heat- 
ing, the acetate film changed very slowly in folding endurance. After 
30 days the average retention was about 67 percent, and after 15) 
days (not shown on curve) it was still about 50 percent of the original 
value. For the nitrate films, the loss in folding endurance continued 
at about the initial rate until all folding endurance was lost. After 
10 days’ heating, the folding endurance was zero for 2 brands and the 
third became zero after a few days of additional heating. 
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Moisture vapor in the oven practically doubled the loss in folding 
endurance for both types of film for a 72-hour period. It was not 
continued for longer periods because using open vessels of water in 
the oven resulted in extreme and uncontrollable changes in relative 
humidity. In the steam chest, nitrate film went to pieces rapidly, 
while in the case of the acetate the base became opaque and separated 
from the emulsion without loss of folding endurance. Upon heating 
this base in the oven, it again became transparent. The most con- 
sistent results with respect to effects on folding endurance were ob- 
tained with oven-aging in dry air. 


2. LOSS IN WEIGHT 


Oven-aging of film was found to be accompanied by a loss in weight | 
that was not regained on reconditioning. This fact aids in under- 
standing some of the results of oven-aging on folding endurance. 
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Figure 3.—Effects of oven-aging on pH of cellulose acetate and cellulose nitrate 
motion-picture films. 


Weighed samples of film were aged for different periods and weighed 
again after conditioning for 24 hours. The final weights calculated 
as percentages of the original weights are shown on the curves in 
figure 2. The curves are similar for both types of film up to a period 
of about 6 days, but thereafter the loss in weight of acetate film is 
slight, while the nitrate continues to lose at a comparatively rapid 
and constant rate. These curves are similar in several respects to 
those for folding endurance. In each instance, the initial change was 
probably due to the loss of volatile substances, such as residual sol- 
vents and camphor in the case of nitrate film. On further aging, the 
slow change in the acetate film indicates greater stability. 
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V. CHEMICAL PROPERTIES 


1. ACIDITY (pH) 


Decomposition of cellulosic materials is usually accompanied by an 
increase in their acidity; hence measurements of pH were made to 
determine whether aging was accompanied by any increase in acidity, 
For this test, 1-¢ samples of film were weighed and after aging the 
base of the specimen was dissolved in 100 ml of acetone containing 
10 percent by volume of water. The pH of the solution was meas. 
ured with a glass electrode. The results are shown in figure 3, in 
which the pH of the solution is plotted against the time of aging, 
The curve for acetate film shows some fluctuations, but no significant 
changes for any period of aging up to 30 days. On the other hand, 
the nitrate films showed a regular drop in pH from an average value 
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Figure 4.—Effects of oven-aging of cellulose nitrate film on its stability at 134.5° C. 


of about 5.3 for new film to 2.3 after 30 days of aging. Correspond- 
ingly high acidity was found also in every test of old nitrate film that 
was visibly deteriorated as a result of natural aging. 


2. STABILITY TEST OF NITRATE FILM 


The stability test at 134.5° C,° used for testing pyrocellulose and 
guncotton, was found to be applicable to cellulose nitrate film. In 
this test, a 1-g specimen is placed in a closed tube with normal methyl 
violet paper inserted in the tube to about 2.5 cm above the test speci 
men. The time required at a constant temperature of 134.5° C for 
the gases given off from the specimen to change completely the color 
of the paper to salmon pink is observed. The effects of oven-aging 

’T. K. Brownson and F. McCray, The electrical conductivities of hydrochloric acid and potassium chloride 


in water and acetone-water miztures. J. Chem. Soc. 127, 2923 (1925). 
$U.S. Army Specification no. 50-14-3. 
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on the stability of nitrate film, as determined by this test, are shown 
in figure 4. The curves for the different commercial brands are alike 
in general characteristics, showing slow rates of change of stability for 
the first two days of heating, then sharp breaks in the curves followed 
by much more rapid loss of stability. Old film, visibly deteriorated 
by natural aging, usually had a reaction time corresponding to 10 to 
15 days of oven-aging. 


3. COPPER NUMBER 


Some forms of degraded cellulose reduce copper from an alkaline 
solution of copper sulphate, and the amount reduced is considered a 
measure of the amount of such material present. In applying this 
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Ficure 5.—Effect of oven-aging on the copper number of cellulose acetate motion- 
picture film. 


test to films, the standard method ? for testing the copper number of 
paper was used, except that the samples were prepared in the follow- 
ing manner. The film was dissolved in acetone, and the cellulose 
ester precipitated in hot water, washed, and dried. The resultant 
samples were in soft fluffy form comparable to the paper samples 
prepared by grinding. Both acetate and nitrate films were tried, but 
no figures were obtained for nitrate film because it dissolved com- 
pletely in the alkaline copper sulphate solution. 

The data on the copper numbers of three brands of acetate film are 
shown in figure 5. Four series were run on each brand. The repro- 
ducibility of results was not very good but, in each instance, there was 
an increase in copper number with aging. For 30 days of aging, the 
increases in copper number values were 7, 15, and 7 percent, respec- 
tively, an average of about 10 percent. Compared with the change 


'TAPPI Standard T430m, Tech. Assn. of the Pulp and Paper Ind. 
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occurring in stable papers, this would be considered a small increase, 
indicative of relatively high chemical stability. The initial copper 
number values for the three brands of film averaged 3.2, which is con- 
siderably higher than for permanent paper. This is not surprising 
when the more drastic chemical treatment used in making the acetate 
film is considered. Hence, the two materials are not comparable on 
the basis of actual values, but rather on the rate of change on heating, 


4. VISCOSITY 


The relative viscosity of acetone solutions of the film base was found 
to be the most sensitive and reliable chemical test for following the 
deteriorative effects of aging on both acetate and nitrate films. The 
viscosity data are of special interest because of the excellent correla- 
tion between changes in viscosity and loss in folding endurance on 
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Figure 6.—Effect of oven-aging on the viscosity of cellulose acetate and cellulose 
nitrate motion-picture films. 





Le) 


aging. This good correlation between changes in physical and chemi- 
cal properties indicates a sound basis for judging relative stability. 

The molecular weight of substances with long-chain molecules is 
related to the viscosity of their dilute solutions, according to Stau- 
dinger,® by the following equation: 


nr—1=p=Kn.c.M, 


where 7, is the relative viscosity, which is the ratio of the viscosity of 
the solution to the viscosity of the solvent; ,, is the specific viscosity 
as defined by Staudinger; K,, is a constant, c is the concentration 1 
primary moles per liter of solution; and M is the molecular weight. 
From this equation it can be seen that for equaily concentrated solu- 


* H. Staudinger, Die Hochmolekularen Organischen Verbindungen (Berlin, 1932). 
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tions of the same K,,, the viscosity depends only on the molecular 
weight. Consequently, any break down in the molecular structure 
should result in a lowering of the viscosity. 

The effect of accelerated aging on viscosity was determined by 
viscosity measurements before aging and after various aging periods. 
Specimens weighing 1.000 g each were used. The test was made by 
dissolving the film base away from the emulsion in acetone, making the 
solution up to 100 ml in a volumetric flask, and measuring the time 
of flow of the solution in an Ostwald viscosity pipette immersed in a 
constant-temperature water bath at 30 +.02°C. The product of the 
time of flow and density of the solution divided by the corresponding 
product for the solvent gives the relative viscosity. 

The results of ordinary oven-aging in dry air are shown in figure 6. 
This shows specific viscosity plotted against time of aging. The 
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FiaurEe 7.—Effect of oven-aging with high relative humidity on viscosity of cellulose 
acetate and cellulose nitrate motion-picture films 


curve for acetate film shows very slow change. The decrease in 
specific viscosity for 30 days’ aging was only from 1.70 to 1.54, or 9.4 
percent. For the same time of aging, the nitrate film decreased from 
an average value of 2.63 to 0.14, which indicates a complete change in 
structure. Old nitrate film badly deteriorated from natural aging 
gave a viscosity corresponding to about 10 days of oven-aging. 

In order to determine the effect of high humidity, samples of film 
were aged suspended over a saturated solution of potassium sulphate 
in a closed bottle. The temperature maintained in the bottle was 
98+2° C, and at this temperature the relative humidity is 95 percent. 
The results are shown graphically in figure 7. Under these condi- 
tions, decomposition was more rapid for both types of film, but espe- 
cially for the nitrate film. The high relative humidity resulted 
in hydrolysis with the formation of nitric acid, which greatly acceler- 
ated the reaction. The average time required for a 95-percent 
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decrease in viscosity was about 3 days, compared with 30 days for 
oven-aging in dry air. The decrease in viscosity of acetate film for 3 
days of aging was 6.5 percent. This is a greater change than that 
for the same time of aging in a dry atmosphere (fig. 6) but is small] 
compared with the change found for nitrate film, and indicates excel- 
lent stability even under these extreme conditions. 


5. EFFECTS OF AGING ON GELATIN EMULSION : 


Ordinary oven-aging in dry air had no effect on the gelatin emulsion 
of acetate films as far as could be observed. The aging at 100° C 
with 95-percent relative humidity resulted in some softening of the 
emulsion and a tendency of the emulsion to separate from the base, 
The first visible evidence of deterioration of nitrate film with natural 
aging is a discoloration and softening of the emulsion. Tests of the 
emulsions from such films showed that oxidation, as indicated b 
relatively high ammonia nitrogen content, and hydrolysis, as indi- 
cated by relatively high amino nitrogen content, had both taken 
place. Results of tests on the emulsion of oven-aged film showed 
that the oxidation was increased from 0 to 0.89 percent and hydrolysis 
from 1.89 to 3.90 percent by oven-aging. This apparently results 
from contact with the products of decomposition of cellulose nitrate 
as there was correlation between the acidity of the film and condition 
of the emulsion. Hence, the softening of the emulsion of nitrate 
films often observed after natural aging may be said to be an indirect 
result of the decomposition of the cellulose nitrate film base. 


VI. SUMMARY 


On the basis of the test data, the cellulose acetate type of safety 
film appears to be a very stable substance. It is a comparatively 
new material on which no natural aging data are available. How- 
ever, data on the relative resistance to accelerated aging of the acetate 
film, nitrate film, and permanent record papers are very favorable 
to the acetate film. A specification, proposed by Scribner,’ for 
permanent record paper of the highest quality, requires a retention 
of folding endurance of 85 percent after heating 72 hours at 100° C. 
Acetate film retained 50 percent after 150 days at the same tempera- 
ture. Nitrate film, known to be relatively impermanent, had no 
folding endurance after 10 days of heating. 

The relatively high chemical stability of acetate film is shown by 
the fact that aged samples showed no increase in acidity, whereas 
nitrate film became distinctly acid. For permanent record paper, 
the copper number must not be greater than 1.0 nor increase more 
than 0.5 when heated for 72 hours. The average value of the copper 
number of cellulose acetate was 3.2.. This is higher than for permanent 
record paper as would be expected as a result of the chemical treat- 
ment undergone in acetylation of the cellulose, but on -heating for 72 
we at 100° C cellulose acetate showed an average increase of less 
than 0.5. 

The best evidence of the high stability of acetate film is furnished 
by results of viscosity measurements. When heated for 72 hours at 
100° C, the specific viscosity decreased about 2 percent, and after 30 


* Trans. Am. Soc. Mech. Engrs. 52, [PI] 21 (August 1930). 
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days of aging only 9 percent. With nitrate film, the decrease was 35 
ercent in 72 hours and 95 percent after 30 days of aging. 

While it is not possible to predict the life of acetate film from these 
results, the data show that the chemical stability of the film, with 
respect to oven-aging, is greater than that of papers of maximum 
purity for permanent records. On the basis of this comparison, 
cellulose acetate motion-picture film appears to be very promising for 
permanent records. 
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SOME PHYSICAL PROPERTIES OF ISOPRENE 
By Norman Bekkedahl, Lawrence A. Wood, and Mieczystaw Wojciechowski! 


ABSTRACT 


Isoprene (2-methyl-1,3-butadiene) has been prepared in a. state of high purity. 
Physical properties determined on the freshly purified sample were as follows, 
boiling point, 34.076 +.003° C; change of boiling point with change of pressure: 
dt _9.0382° C per millimeter of mercury; freezing point, —146.8 +.2° C; 
density at 20° C, 0.6805 + .0001 g/ml; refractive index at 20° C, 1.42160 +.00005. 
The molecular refraction was calculated to be 25.39. The volume expansivity 
was measured over the entire range of temperature between the freezing point 
and normal boiling point, giving the following equations: 


V=V,(1+ 1.393 X 10+ 2.79 X 10-8?+- 4.31 X 10°48 — 5.60 X 10-144) 


p=0.7002 —0.9754 X 10°*t—0.592 X 10*¢?+- 0.525 X 10/3 + 9.66 X 10-144, | 


in which V and p are the volume and density, respectively, at the temperature ¢, 
and V» the volume at 0° C. From the Clausius-Clapeyron equation the latent 
heat of vaporization at the normal boiling point was calculated to be 25.9 +.3 
kj/mole. The refractive index at any temperature from about 0° C to the boiling 
point may be calculated from the equation 


Np= 1.43472 —0.656 X 107. 


On standing, the isoprene was found to undergo a transformation, presumably 
oxidation and polymerization, as was indicated by changes in purity, boiling 
point, density, and refractive index. 


CONTENTS 
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I. INTRODUCTION 


Isoprene (2-methyl-1,3-butadiene) has been for many years”a’sub- 
stance of very considerable interest in the study of rubber, since it 
has been shown to be the fundamental unit in the constitution of the 
rubber hydrocarbon. Isoprene polymerizes to form a product which 


‘ Guest worker at the National Bureau of Standards from the Polytechnic Institute, Warsaw, Poland. 
106351—36-——6 883 
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is chemically more closely related to natural rubber than any other 
synthetic product [9, 20, 33, 35, 48, 53, 56].2 Furthermore, the 
destructive distillation of natural rubber yields as its two major 
products isoprene and dipentene (dl-1-methyl-4-isopropenyl-1-cyclo. 
hexene) in amounts far exceeding those of any other constituents 
[4, 30, 56]. Aside from its relation to rubber, isoprene is of interest 
because it is thought to be the basic substance in the natural synthesis 
of the terpenes and to play an important role in the formation of 
plant cells [3, 8, 13, 49, 50, 54]. 

An investigation of the chemical thermodynamics of rubber now 
in progress at the Cryogenic Laboratory of this Bureau includes a 
study of isoprene and its relationship to rubber. Measurements of 
heat capacity and heat of combustion are at present being made on 
isoprene for the purpose of calculating its entropy. A report covering 
these results is now being prepared. Similar measurements for rubber 
have already been reported [5]. 

Since samples of high purity were desired for this work, care was 
taken in the preparation and purification of the isoprene, and the 
resulting product is thought to represent an improvement in purity 
as compared with isoprene prepared by previous investigators, 
Furthermore, not all workers had realized the importance of working 
with freshly purified samples. Also it is now possible to take ad- 
vantage of recent important improvements in the technique of measur- 
ing physical properties, especially boiling point and related properties, 
In view of the wide divergence of values for many of the commonly 
measured physical properties, as reported in the literature, it seems 
worth while to report the values here obtained with samples of high 
purity. 


II. PREPARATION AND PURIFICATION OF SAMPLE 


The isoprene was made by the cracking of dipentene vapor by 
means of the “isoprene lamp” method of Harries and Gottlob [22] as 
modified by Whitby and Crozier [55]. About 5.5 liters of crude 
isoprene was prepared which had a yellow color and possessed a sharp 
odor. It was then subjected to successive distillations. The vacuum- 
jacketed column used was about 140 cm in height and included 40 
bulbs with ball valves and side tubes, according to the design of 
Swietostawski [39, 40]. The column head included a dephlegmator 
and condenser with take-off so arranged that the reflux ratio could be 
adjusted by means of drop-counters. For the isoprene distillation a 
15 to 1 ratio was generally maintained. Temperature changes were 
read to the nearest 0.001° C by means of a Beckmann-Swietoslawski 
mercury thermometer [41] immersed in a mercury well surrounded by 
vapor rising from the dephlegmator. Corrections in the distilling 
temperature of the isoprene were made for changes in barometric 
pressure by simultaneous observations of the boiling point of pure 
water in a barometric ebulliometer. 

Three successive distillations were made, with a reduction of charge 
in each case to include only the most nearly constant-boiling part of 
the previous distillation. Isoprene was evidently present in far 
greater amounts than any other substance. The impurities were 


a The numbers in brackets here and elsewhere in the text refer to the numbered references at the end of 
this paper. 
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very largely materials of boiling points lower than that of isoprene, 
some of them condensing only at the temperature of solid carbon 
dioxide. In the early fractions of the first distillation, water was 
distilled over in small amounts as a separate phase. When the first 
distillation was continued above the boiling point of isoprene, no 
significant approach to constancy of boiling point was obtained below 
176° C, the approximate boiling point of dipentene. It was therefore 
concluded that the cracking process had yielded practically no sub- 
stances with boiling points between those of isoprene and dipentene, 
and that the crude isoprene had contained some unchanged dipentene. 
The third and final distillation yielded 200 ml of a product distilling 
within a range of 0.01° C. The sample was colorless and possessed 
only a slight odor. This fraction was thoroughly mixed and different 
portions were used immediately in the determination of physical 
properties, several measurements being performed simultaneously. 


III. PHYSICAL PROPERTIES 


A number of previous observers have noted that isoprene on stand- 
ing for months or years at room temperature under atmospheric 
conditions will oxidize and polymerize [1, 11, 12, 26, 44, 55]. For 
this reason the physical properties here reported were determined as 
soon as possible after the final distillation. With the exception of 
the freezing point and expansivity, all measurements were made 
within 5 hours after the end of the final distillation. The sample used 
in the freezing-point determination had been kept in a refrigerator. at 
about. 8° C for 2 days, while that used in determining the expansion | 
was several weeks old. 

The expansivity, however, is thought to change only slightly with 
change in purity. In order to obtain some idea of the rate of poly- 
merization, a sample which had been kept at 8° C for 2 months was 
distilled, and a solid residue amounting to less than 0.5 percent of 
the weight of the sample was obtained. 


1. DEGREE OF PURITY 


Swietostawski [42] has set up for comparative purposes an arbitrary 
scale for the degree of purity of liquids. This scale is based on the 
measurement of At, the difference between the temperature of the 
boiling liquid and the temperature of the condensing vapor as deter- 
mined in a differential ebulliometer of standard dimensions. For a 
pure substance At is zero, and increases with increased concentration 
of impurities. 

The freshly prepared sample of isoprene from the third distillation 
was found to have a At of 0.002° C. This value falls within the limits 
of the fifth or highest degree on the purity scale (range from 0.000 to 
0.005° C). A sample of isoprene from the previous distillation was 
found to have a At of 0.006° C. Its purity then was of the fourth 
degree (range from 0.005 to 0.020° C). This sample was left in the 
ebulliometer at room temperature for 2 weeks. At the end of this 
time its At value had increased to 0.028° C, and its purity had decreased 
to the third degree (range from 0.020 to 0.050° C). This increase 
in Af is direct confirmation of the expected decrease in purity brought 
about by oxidation and polymerization of the isoprene. Changes with 
time in other physical properties as mentioned below are other evi- 
dences of change in the material. 





886 Journal of Research of the National Bureau of Standards [vay 
2. BOILING POINT AND ITS RELATION TO PRESSURE 


The normal boiling point of isoprene was determined in the ebyl- 
liometer used for the purity determination, following the compara. 
tive method of Swietostawski [43]. According to this procedure a 
second ebulliometer containing pure boiling water is connected 
together with the first ebulliometer, to a closed system in which the 
pressure can be adjusted. Determinations of the boiling point, by 
observing the temperature of the boiling liquid in equilibrium with 
the vapor, were made for both liquids under at least three different 
pressures, including values both above and below 760 mm of mer. 
cury. The temperatures were measured with a Mueller [31] type 
of Wheatstone bridge and a resistance thermometer designed for 
precise temperature measurements [29], and calibrated in accordance 
with the procedure for the International Temperature Scale [10]. 

In order to obtain the normal boiling point of isoprene from the 
observations it was merely necessary to find the boiling point of iso- 
prene under the pressure at which the boiling point of water would be 
exactly 100° C, since that pressure is exactly 760 mm by definition of 
the temperature scale. This procedure avoids the loss of precision 
inherent in the corrections to be applied to the readings of a mercury 
barometer. 

For a sufficiently small range of pressures near the normal boiling 
points the relation between ¢,, the boiling point of an organic sub- 
stance, and ¢t,, the boiling point of water under the same pressure, 
can be represented by a function of the second degree; hence its 
derivative, os changes linearly with change of pressure when this 
pressure is defined by the boiling point of water [58]. It was found 
that the quotient of finite increments, ole, evaluated at the midpoints 
of several small intervals, changed only about 0.2 percent for a 2° C 
change of t,. The ratios a were evaluated at the midpoints between 

w 
t’,, and t,, and t”, and t,, respectively; ¢,, being a measurement 
close to 760 mm pressure, ¢’,, below, and ¢”, above this pressure. 
The derivative = at 100.000° C was obtained by interpolation. 
uw 
These values are given in table 1. The normal boiling point, fs, is 
then calculated [57] from the observed values of ¢, and t, by the 
equation 
dt, 


The estimated probable error in the normal boiling point, 34.076° C, 
based on three determinations of this kind, is +0.003° C. 
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TaBLE 1.—Degree of purity, boiling point, and change of boiling point with change 
of pressure for several samples of isoprene 





Normal 
Boiling boiling 
Degree of purity point of -s point of 
isoprene 
sample 





°C °C 
0. 028 i . 038 34. 124 
. 006 — |---------- 34. 102 
e 100. 720 | 
. 002 i f 1.0359 | ¢ 100. 000 H - 0382 | 34.076 
4 1.0338 | 197. 988 | 


























s Difference between the boiling temperature of isoprene and its condensation temperature in a differen- 
tial ebulliometer of standard dimensions. 

» Ratio of the change in boiling point of isoprene to that of water for the same change in pressure. 

e Change of boiling point of isoprene per millimeter change of pressure at 760 mm. 

4 At midpoint between ¢, and @”,. 

Vette, 


2 
t Interpolated value. 
« Defining 760 mm pressure. 
h At midpoint between ¢’, and é,. 
1 tutte, 
9 


~ 


The value of the change of boiling point of isoprene with 


change of pressure at 760 mm of mercury, was obtained by multi- 
bed at 760 mm by 0.369, which is 
the value in degrees per millimeter for the change of boiling point of 
water at 760 mm [32]. The value for isoprene was thus found to be 
0.0382° C per millimeter of mercury. 

Table 1 also shows the data and results of these determinations. 
For the purpose of comparison some values are also given for samples 


plying the value of the derivative 


of lower purity. Higher boiling points and larger values of at are 


dP 


characteristic of less pure samples. 
3. FREEZING POINT 


The freezing point of isoprene was measured in accordance with the 
procedure of Mair [28], using apparatus essentially similar to that 
described by him. 

The isoprene was contained in a double-walled glass tube, the inner 
space between the walls being evacuated. Temperatures were meas- 
ured with the same platinum resistance thermometer used for the 
boiling-point determination. Mechanical stirring with a spiral wire 
surrounding the thermometer and operated by an electric motor was 
continued throughout the determination. 

The data for the freezing- and melting-point determinations are 
plotted in figure 1. The freezing point, determined as the temperature 
of the intersection of the freezing curve with the normal cooling curve, 
agrees with the melting point determined in a similar manner from 
the melting and the normal warming curves. The estimated error 
in the value —146.8° C is thought not to exceed +.2° C. The 
variation obtained in repeated observations on a single sample was 
considerably less than 0.2° C but was of this order between different 
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samples. Preliminary results of somewhat less precise melting-point 
determinations made in the course of heat-capacity measurements on 
a different sample using quite different apparatus and technique gaye 
a value of —146.6° C. 
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Figure 1.—Temperature measurements made on an isoprene sample passing 
through the liquid-solid transition, both cooling and warming. 


4. VOLUME EXPANSIVITY 


The volume expansivity, or temperature coefficient of volume 


_ 14V. , - ' 
expansion,-7>77) in which V is the volume at the centigrade tempera- 


dt 


ture t, was determined by dilatometer measurements extending from 
’ « t 
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Ficgure 2.—Relation between the volume expansivity, ee of liquid isoprene and 


temperature. 


temperatures near the freezing point almost to the boiling point. The 
dilatometer, made of low-expansivity glass, had a bulb with a volume 
of 22.31 ml capacity, joined to a capillary about 40 cm in length with 
an average volume of 0.02276 ml per centimeter. A temperature 
range of about 20° C was covered in each run. For each run there 
was plotted a graph of the height of the liquid in the capillary as 4 
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function of the temperature. The temperature range was so small 
that no significant deviations from linearity over a single run could be 
observed. From the slope of the graph and the dilatometer dimen- 
sions the expansivity at the mean temperature of each run was calcu- 
lated. ‘These values have been plotted in figure 2, each point repre- 
senting a separate run. 

Four terms were necessary in a power series in order to express the 
expansivity to within 1 percent over the whole range of temperature, 
as given in the following equation: 
1dV___ 4 _} 393 10-*4.3.63X 10--+5.35 X10-*f 38.8 10-28 
V dt pdt 
For temperatures above —100° C this equation yields values agreeing 
with the observed expansivity to better than 0.5 percent. An inte- 
gration of the preceding equation, together with the expansion of an 
exponential, leads to the following equation: 


V=V,(1+1.393 X 10-t+-2.79 X 10-*f2+.4.31 X 10-°8 — 5.60 X 10-244) 
in which Vo is the volume at 0° C. 


5. DENSITY 


The density of a sample of the purest isoprene was determined by 
E. R. Smith of this Bureau, using a quartz picnometer of a type pre- 
viously described [86, 51]. The temperature was thermostatically 
controlled at 20.00 +.02° C. Since the picnometer had a capillary of 
about 0.1 mm diameter and was closed with a ground-glass joint, the 
evaporation correction, made by extrapolation of the observed change 
of weight with time, was very small. The value actually obtained for 
the density was 0.68053 g/ml. In view of the uncertainties caused by 
the change of the material with time, as noted below, the value is 
rounded off and reported as 0.6805 +.0001 g/ml. From the density 
of the isoprene at 20° C and the expansivity data, the following equa- 
tion may be derived for the density, p, of liquid isoprene at any tem- 
perature, f: 


p=0.7002 —0.9754 X 10~%¢ —0.592 x 10-°#? ++ 0.525 x 10-°# + 9.66 X10-M#!. 


After storage for 24 hours at 8° C the value obtained for the same 
sample at the same temperature had risen from 0.6805 to 0.6808 
g/ml. Values on the two succeeding days were 0.6814 and 0.6819 
g/ml, respectively. This continuous rise in density is further evidence 
of the change brought about by oxidation and polymerization. 


6. CALCULATION OF HEAT OF VAPORIZATION 


The Clausius-Clapeyron equation can be used for the calculation of 
the latent heat of vaporization of isoprene when the previously deter- 
mined constants are used together with the specific volume of the 
vapor at the boiling point. Measurements of the specific volume have 
not been made, but an approximate value can be calculated. Normal 
pentane and isopentane are the liquids most similar to isoprene for 
which data on critical temperatures and pressures are available. For 
each of these at the boiling point the “reduced temperature” [27], 
or ratio of temperature to critical temperature, is about 0.65. Also 
for each of these at the normal boiling point the “reduced pressure’’, 
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or ratio of pressure to critical pressure, is about 0.030. Since there jg 
very little difference in the ‘‘reduced’’ states at the boiling point for 
similar organic compounds, these may be presumed to be the approx. 
imate values for isoprene at its boiling point. 

Lewis [27] has recently published graphs, applicable to any hydro. 
carbon with more than three carbon atoms per molecule, which yield 
as a function of the “reduced” states the value of u, defined as PV/RT 
in which P and V are respectively the pressure and volume of 1 mole 
of vapor, # is the universal gas constant, and 7’ the absolute temper. 
ature. For the above values of the “reduced” temperature and pres. 
sure, Lewis’ graph indicates a value of 0.96 for u. In other words, at 
the boiling point the specific volume of isoprene vapor is 96 percent 
of the specific volume of an ideal gas of the same molecular weight and 
at the same temperature and pressure. (Direct observations on 
n-pentane and isopentane at their boiling points, yield values of , 
within 1 percent of 0.96.) The specific volume of an ideal gas of the 
same molecular weight as isoprene at 34.076° C and under a pressure 
of 760 mm is 371 ml/g. The specific volume of isoprene vapor under 
the same conditions is therefore 356 ml/g. 

In the Clausius-Clapeyron equation 


_1(V.— Vi) 
ee 
dP 
L is the latent heat of vaporization of 1 g of liquid; 7, the boiling 
point, 307.2° K; V,, the specific volume of the vapor, 356 mljg; 
V,, the specific volume of the liquid calculated from the previous 


values for density and expansivity, 1.5 ml/g; and pe the rate of change 


of boiling point with change of pressure as previously measured, 
0.0382° C per millimeter (or 28.7X10-* °C per dyne/cm?). The 
latent heat of vaporization of isoprene at the normal boiling point is 
thus calculated to be 380 j/g (90.8 cal/g) or 25.9 kj/mole (6.17 
kcal/mole). Because of the uncertainty in the value of the specific 
volume of the vapor the estimated probable error in the calculation 
is +1 percent. 
The Bingham-Nernst modification [6] of Trouton’s rule is 
4m —17 40.0117», 
B 

in which L,, is the molal latent heat of vaporization in calories, and 
T, the absolute temperature of the boiling point. The right-hand 
member of the equation has the value 20.4, and the left-hand member 
20.1. The rule in this form appears to be valid for isoprene within the 
limits of precision of determination of the heat of vaporization. This 
is taken as evidence that isoprene in the liquid form is not associated. 


7. REFRACTIVE INDEX AND MOLECULAR REFRACTION 


Measurements of refractive index at temperatures from 9 to 30°C 
were made with a water-jacketed Abbe refractometer (Valentine 
model) calibrated with distilled water. The values obtained are 
ey in figure 3, from which the refractive index at 20° C is found to 

e 1.42160 +.00005, and the change with change in temperature 
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—0.656 X107* per degree centigrade. Therefore, the index of refrac- 
tion, Np, at temperature, t, is 
Np= 1.43472 —0.656 X 1074. 

This equation is applicable for liquid isoprene at least over the range 
from 9 to 30° C and probably over a wider range. The refractive 
indices of fractions boiling both below and immediately above the 
purest isoprene were lower than that of the isoprene. The property 
is, however, not sensitive to very smal] amounts of impurities having 
boiling points near that of isoprene, since the third distillation, which 
lowered At from 0.006 to 0.002° C, raised the refractive index only by 
about 0.00001. 

Oxidation and polymerization of the isoprene on standing, however, 
brought about progressive increases in refractive index. For the first 
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Figure 3.—Relation between the refractive index of isoprene and temperature. 


few days the daily changes were of the order of 0.0002. Later the rate 
of increase became considerably less, and rather variable. At the end 
of 2 months the total increase was about 0.00450, and the material 
had become so lacking in homogeneity that further measurements 
were impossible. 

The molecular refraction is often calculated by summing up the 
refractions of the individual atoms and adding a certain quantity for 
the ‘exaltation’ due to double bonds or other special features of the 
structure. In the present case, however, no precise calculation is 
possible because the exaltation due to the conjugated double bond 
varies considerably from one compound to another. From the 
Lorenz-Lorentz formula, using the refractive index and density values 
as determined in this investigation, the molecular refraction is com- 
puted to be 25.39. By taking this value for the molecular refraction, 
and 2.490 and 1.066 for the atomic refractions of carbon and hydrogen, 
respectively, as reported by Swietostawski [38], the exaltation due to 
the conjugated system in isoprene is 4.41. This is not greatly different 
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from 4.32 for the conjugated system in 2,3-dimethyl-1,3-butadienge 
and 3.98 for chloroprene (2-chloro-1,3-butadiene). 

The molecular refraction is commonly thought to be practically 
independent of temperature over moderate ranges. If this is true, 
differentiating. the Lorenz-Lorentz equation gives in the resulting 
equation a relation between the change of refractive index with 
change of temperature and the expansivity. 


dn_ _(n?+2)(n?—1) vat) 


dt . 6n Vdt 

At 20° C the observed expansivity is 1.467 10~* per degree centi- 
grade and the observed refractive index is 1.42160. These quantities 
yield a numerical value of 0.70510 for the right-hand member of 
the above equation. This is to be compared with 0.656X10-%, the 
directly observed value of the left-hand member. This agreement 
is only fair, but it is of interest to note that both values are con- 
siderably higher than those given for most organic liquids, for which 
the average is about 0.45 107°. 





IV. COMPARISON WITH PREVIOUS INVESTIGATIONS 


The boiling point, density, and refractive index of isoprene have been 
determined by many investigators, and the more significant results 
are given in table 2.. For the purpose of comparison, the boiling 
points have been converted, wherever possible, to those at 760 mm 
pressure. Also the original values of density and refractive index have 
been converted to those at 20° C. 


TABLE 2.—Comparison of the data of various investigators on some physical properties 
of isoprene 





Refer- | . | Refrac- 

ence Boiling point — tive in- | Freezing 

num- at 760 mm ae dex at point 
ber | 


°C 

Williams. . = = 37 to 38¢ sckeut eet t.. 
, ae ts 1882 34 to 359__- oe a , eee 
Gladstone? _ - ___- ; } 1886 3 Cee eee | . 6681} 1.4028 
Thorpe and Jones 1893 f 35.5 to 36.1¢.....{ .6714 }j.~-. 
Thorpe and Rodger ‘ | 1894 35.5 to 37.02. 

Perkin ‘ 1895 i Ra pb aes 
Ipatiew* ate toe eae 1897 ‘ . 6722 | 
PE itse eight hamemavebicuerve<cosuaet Mr } oe! 
Blaise and Courtot- - PN ee |. 1906 
Harries and Gottlob---_---.---- -| 1911 








SRR ee wre) 2001 , 36 to 372 onal 
135.5 to 36.02... __| 
Lebedew and Skawronski | 1933 26 34.5 to 35.0. ..-..| 
0 SRR en a Bt | 1913 2! 
ae ceotvacwe ae $3.7 to 33.9... ... 
Steimmig sestiose , 1914 37 33.5 to 34.02. .._-| , 
staat F poe 1915 [3 34.1 to 34.6- - -- 6 1, 41840. |... <sse0e 
eT on ae FOE epee Ome oe nee 


NRT. 54.5-+5------- eicns ---| 1916 33.9 to 34.4......| .6809 | 1.41786 | 
Waterman and van Westen _| 1929 
Conant and Tongberg- ---- --| 1930 
| nae . ——— 
Farmer and Warren... ------ | 
Whitby and Crozier. ___.....-_.-- | 
Bekkedahl, Wood, and Wojciechowski-| 

| 




















* Atmospheric pressure not recorded. 
> Measurements made by Harries. See reference {21}. 
¢ Sample of isoprene obtained from Tilden. 
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Because of inadequate knowledge of the purity of the samples of 
previous workers it is difficult to make a critical evaluation of the 
importance of their measurements. Incomplete removal of low-boiling 
impurities would be likely to lead to low values of the boiling point, 
density, and refractive index; oxidation and polymerization, on the 
other hand, to lead to high values. Almost all previous determina- 
tions of the boiling point have been observations of the range of 
temperature during distillation, and the values obtained depend 
creatly on the rate of distillation as well as the purity of the substance 
distilled, and give in most cases the condensation temperature. With 
such a low-boiling liquid superheating of the vapor is very probable, 
except in apparatus especially designed to avoid it. — 

The only freezing point determination recorded in the literature 
appears to be that of Enklaar [15], who made visual observations of a 
small sample attached to a pentane thermometer. The resulting value, 
given .as “about —120° C”’, is considerably higher than that here 
obtained. Enklaar was unable to observe any distinct melting point. 

The thermal expansion of isoprene was measured by Thorpe and 
Jones [45] in 1893 over a range of temperature from 0 to 32.6° C. 
The volume relation is given as V=V,(1+1.4603 x 10-*t+0.99793 
10°? + 56.0149 X 10-*8). The coefficient of t is about 4 percent higher 
than the value here reported.. The other coefficients show little corre- 
lation, probably because of the difference in the ranges of temperature 
involved. 

Perkin [34] determined densities of his isoprene samples at various 
temperatures from 4 to 25° C. From these values an expansivity of 
1.43 X107* is obtained for a temperature of 12°C. This is in very good 
agreement with the value 1.437 for the same temperature as calculated 
from the equation determined in this investigation. 
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loan of equipment by several of the research associates of the American 
Petroleum Institute at this Bureau. 
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DIFFERENCES IN LIMES AS REFLECTED IN CERTAIN 
PROPERTIES OF MASONRY MORTARS 


Lansing S. Wells, Dana L. Bishop, and David Watstein 


ABSTRACT 


A survey was made of commercial quicklimes and hydrated limes with respect 
to some physical properties of importance to their use in mortars. Measurements 
of soundness, plasticity, and flow after suction were made on putties prepared 
from the quicklimes and hydrated limes and. flows after suction were measured 
on cement-lime mortars prepared from the lime putties. It was found that the 
properties of the different limes varied widely. Flows after suction of lime mortars 
were roughly proportional to the plasticities of the lime putties. The properties 
of a lime were found to be more important than the proportions of lime used in 
preparing cement-lime mortars having high flows after suction. 
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I. INTRODUCTION 


Considerable attention has been paid to the effect of proportioning 
the constituents of cement-lime mortars upon the properties of the 
mortars, often with too little consideration of the differences in the 
properties of the constituents. The investigation herein described 
pertains primarily to differences in the properties of lime putties made 
from various limes and the relation to the differences in the resulting 
properties of lime and cement-lime mortars containing these putties. 


II. MATERIALS 
1. LIMES 


The investigation included 43 limes, representing commercial prod- 
ucts from various parts of the United States. These samples con- 
sisted of 19 pulverized quicklimes and 24 hydrated limes. The 
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quicklimes included 15 classed as high-calcium limes and 4 as dolo. 
mitic. The hydrated limes included 17 high-calcium and 7 dolomite 
limes. The authors are indebted to the National Lime Association 
for cooperation in securing many of these samples. 


2, CEMENTS 


Two cements were used; a typical portland cement with a specific 
surface of 1,750 cm?/g as determined with the Wagner turbidimeter: 
and a high-early-strength cement with a specific surface of 2,77 

a) oS (10 


em?/g. 
3. SAND 


Clean Potomac River mortar sand was used in all-tests of mort 
x . . . . ars, 
The sieve analysis of this sand was as follows: 


U.S. Standard Sand passing 
Sieve no. . (%) 
100. 


99, 
94. 
7d. 
14. 

1. 


Con,» © 


~ 
~— 


or 


III. TESTS AND RESULTS 
4, LIMES 


- (a) SOUNDNESS 


Both the hydrated limes and: pulverized quicklimes were tested for 


soundness according to the procedure given in the Tentative Methods 
of Physical. Test for Limestone, Quicklime, and Hydrated Lime, 
ASTM designation: C 110-34T.? This method consists essentially in 
steaming (120-lb/in.? pressure) specimens made of two parts of lime 
putty (whether made from quicklime or hydrated lime) and one part 
of quick-setting calcined gypsum. Under the condition of the test, 
particles in the lime which might under ordinary atmospheric condi- 
tion require months or years to produce “‘pits”’ or “‘pops’’ in a plastered 
surface, are so accelerated in their hydration with consequent expan- 
sion that erater-like holes are produced in the test specimens in a 
relatively few minutes. Tests of panels made in the laboratory have 
shown good agreement between the actual development of pops and 
results of the autoclave test.’ 

All hydrated limes were made into stiff putties and allowed to soak, 
samples being taken at the end of 1 day and 3 days, respectively, for 
determination of soundness. The pulverized quicklimes were slaked 
in such a manner that the reaction progressed at or near the boiling 
point of water resulting in the formation of stiff. putties, samples of 
which, in turn, were also soaked for periods of 1 day and 3 days 
before testing for soundness. ; 

The results given in table I show that 7 of the 24 hydrated limes 
and 8 of the 19 pulverized quicklimes gave putties classified as unsound 
after soaking 1 day. At the end of 3 days of soaking putties from 4 
of the hydrated limes and from 4 of the quicklimes were unsound. 

1 Proc. Am. Soc. Testing Materials 33, II, 553 (1933). 


? Proc. Thirty-Seventh Annual Meeting 34, part I, 754 (1934). 
2D. L. Bishop, A modified test for the ‘‘soundness”’ of finishing lime, Rock Products 34, 67-69 (July 18, 193). 
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TaBLE 1.—Results of soundness and plasticity determinations on putties made from 
hydrated limes and quicklimes soaked 1 day and 3 days, together with “‘flow after 
1-minute suction” of lime-sand mortars made from these putties 
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(b) PLASTICITY 


Portland cement mortars, in general, have the disadvantage ag 
masonry materials of being harsh to work. Lime is often added with 
the idea of improving the plasticity and water-retaining power of the 
mortar mix, considerable attention generally being paid to the pro- 
portions of the mix and little or none to the plasticity or water-retain- 
ing power of the lime. Accordingly, plasticity determinations were 
made of stiff lime putties prepared from the hydrated limes and pul- 
verized quicklimes by the method previously described, using the 
Emley plasticimeter, the instrument accepted by the lime industry for 
ascertaining the plasticity of lime.* ; 

The Emley plasticimeter measures the torque of a steel disk against 
a revolving pat of lime putty as the putty stiffens on a standardized 
porous base-plate. It can be seen from the equation used to evalu- 
ate the plasticity, namely P=~/F?+ (10t) ?, where P is the plasticity, 
F the torque reading, ‘and ¢ the time in minutes, that the longer the 
putty remains on the base-plate without stiffening the greater the plas- 
ticity:. Thus, the plasticimeter indirectly gives information relative 
to the water-retaining properties of a lime putty and its troweling qual- 
ities, factors which are of concern to both plasterers and masons. 

At the time the tests were made the putties were brought to stand- 
ard consistency by the gradual addition of water accompanied by vig- 
orous stirring—thus assuring a maximum plasticity of the putty, a 
procedure necessary to obtain consistent results. 

The plasticity values, shown in table 1 and obtained with putties 

soaked for 1 day and 3 days before testing, varied from 50 to more 
than 600. The highest values were obtained with putties prepared 
from pulverized quicklimes and thé lowest with those from hydrated 
limes. ; 
How much greater than 600 the plasticity values of some of the 
very plastic quicklime putties were could not be determined definitely 
for the following reasons. In general the very plastic putties when 
brought to standard consistency contain more water than do non- 
plastic putties (plasticity less than 200). Even though they give up 
their water less readily to the porcelain base-plate of the plasticimeter 
than do the nonplastic putties, sufficient water has entered the base- 
plate at the end of an hour so that further stiffening of the putties 
takes place at a still further reduced rate. Because the absorption 
capacity of the base-plate is limited the instrument is not particularly 
suited to distinguish differences in very high plasticity values. Con- 
sequently, it seemed best to indicate merely that the plasticity values 
of such putties were greater than 600 rather than to ascribe exact 
values. 

For very plastic limes it has been shown that{the determination of 
the time of decided stiffening of the putty is largely the determining 
factor in the ultimate plasticity value. For nonplastic limes, where 
is ‘small, the value of F in the equation for calculating plasticity 
becomes of increasing importance. Since nonplastic lime putties, m 
general, give high F values, the plasticity value P is raised relatively 
more than that of the plastic putties. Nevertheless, many lime 
putties, especially those prepared from hydrated limes, have plasticity 

‘ Federal Specification SS-L-351 for Lime; Hydrated (for) Structural Purposes. Also Tentative Methods 


for Physical Test for Limestone, Quicklime, and Hydrated Lime, ASTM designation: C 110-34T, Proc. 
Thirty-Seventh Annual Meeting, Am. Soc. Testing Materials 34, I, 754 (1934). 
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values below 200 (the arbitrary minimum value for a plastic putty), 
and there are indications that their plasticity would be even less than 
that calculated were it not for the factor mentioned. 

The above discussions have been given to point out the great differ- 
ences in the plasticities of lime putties rather than to emphasize the 
difficulties in securing exact values of plasticity at the extremes. Even 
with these difficulties the instrument is useful for classifying lime 
putties as plastic or nonplastic. Exact plasticity values of lime 
putties over the entire range become of importance, however, when 
plasticity is considered as a function of some other property. 

The performance of the plasticimeter, especially at the point of sep- 
aration of the plastic from nonplastic putties (i. e., 200), is illustrated 
in figure 1. That the plasticity of mixtures of two lime putties is a 
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Figure 1.—Effect on plasticity of adding a more plastic lime putty to one less plastic. 
straight-line function when the plasticity is greater than 150 is indi- 
cated in this figure wherein the plasticity is plotted against the per- 
centage of the more plastic lime putty. Line A shows the increase in 
plasticity resulting from the addition of a very plastic putty to one 


"having a plasticity of 260. B,C, and D show the increases when three 


Plastic lime putties are mixed with a nonplastic putty. Above about 

150 it can be seen that the plasticities of the mixtures of the three 

Plastic limes with the nonplastic lime appear to be three straight lines 

which upon extrapolation downward indicate that the nonplastic lime 

putty should have a plasticity value of 40. The value obtained with 

the plasticimeter, however, was 120. On the other hand, lines A and 
106351—-36——~7 
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B, if extrapolated upward, would indicate that the plasticities of the 
two very plastic limes used in preparation of these two series of mix. 
tures were far in excess of 600, being roughly twice that value. 

It is often believed that the plasticity of lime putties always increases 
as the time of soaking is increased. Table 1 shows that in a few caseg 
the plasticity increased with soaking from 1 to 3 days, in others there 
was no improvement, and some showed an actual decrease in plasticity, 
Consequently, the plasticity was determined also 3 to 4 weeks later 
at the time the flow tests were made on lime-sand mortars. These 
values, given under the column heading “plasticity at time of flow 
tests’, show that in many instances the plasticity of the putties had 
decreased considerably. 

As mentioned previously, lime putties stiffen as water is removed 
by the porous base-plate of the plasticimeter. A neat portland cement 
paste when tested with the plasticimeter will stiffen not only for the 
same reason but also because of the hydraulic properties of the 
cement. Therefore, the instrument is not particularly suited for 
measuring the plasticity of cements. Nevertheless, the two cements 
used in this study were mixed separately with sufficient water to bring 
the neat paste to the standard consistency used in testing limes and 
the plasticity was determined the same as with lime putties. The 
plasticity value obtained for each of the two cements was 120, and 
although low it is higher than the values obtained for some of the 
nonplastic hydrated limes. 


2. MORTARS 
(a) PROPORTIONING, MIXING, AND TESTING 
Although the Emley plasticimeter indicates that there is a great 


difference in the plasticity and water-retaining capacity of lime put- 
ties, it is not well adapted to indicate these differences when the put- 
ties are incorporated with sand and other materials as mortars. Con- 
sequently, the water-retaining capacity of the mortars was determined 
with the apparatus developed by J. S. Rogers and R. L. Blaine ° and 
described by L. A. Palmer and D. A. Parsons,®* consisting essentially of 
a perforated dish resting on a funnel connected to a mercury-column 
relief valve and to a water aspirator. This apparatus can be used to 
' determine the rate of removal of water from mortars. If the resulting 
change in flow of the mortar is also determined, the rate of stiffening of 
mortars on a porous base can be determined. 

-In general, the mortars were proportioned so that there was one 
volume of cementitious material to about three volumes of loose sand. 
Actually, proportioning was done by weight, assuming that portland 
cement weighs 94 lb/ft®, dry hydrated lime, 40 lb/ft’, and that 1 ft* of 
loose damp sand contains 80 lb of dry sand. For the sake of brevity, 
cement is indicated by the iatter C, lime by Z, and sand by S. In 
preparing the lime-sand mortars, lime putty, containing the equiva- 
lent of 100 g of dry hydrate, and 600 g of dry sand were mixed witha 
spatula, adding water gradually and stirring vigorously (to develop 
maximum plasticity) until the desired consistency had been attained. 
The flow was then determined by measuring the percentage increase In 
diameter of a mass of mortar on a standard 10-in flow table,’ dropping 
the table top through a height of 0.5 in 25 times in 15 seconds. The 
mortar mix was finally adjusted with water until several determina 
+ 5 Investigation of commercial masonry cements, J. Research NBS 138, 811-849 (1934) RP746. 


™ 6 Rate of stiffening of mortars on a porous base, Rock Products 85, No. 18, 18-24 (1932). 
* 7 Federal Specification Hydraulic Cements: Methods of Sampling, Inspection and Testing, §S-0-158 


(September 30, 1936). 
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tions showed an average flow of 130, individual variations being 10 
or less. The cement-lime-sand mortars were also stirred vigorously 
and adjusted to a flow of 130 percent. Vigorous stirring of cement- 
sand mortars was not as essential as in the case of mortars containing 
ime. 

The mortars thus prepared were placed in the cup of the filtration 
device, spread gently to avoid compacting, and leveled even with the 
rim. A suction equivalent to a head of 2 in. of mercury was then 
applied. Immediately after the suction period the mortar was trans- 
ferred back to the flow table cone and the ‘‘flow after suction” deter- 
mined. 

A few experiments were also made to observe how much the flow 
of lime-sand mortars was decreased when spread on sand-lime bricks 
in the approximate thickness of a mortar joint. The mortars were 
first brought to a flow of 130 percent and then placed in a metal form 
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FicurE 2.—Relation between flow of lime-sand mortars (adjusted to a flow of 130 
percent) after 1 minute of suction and plasticity of lime putties. 


(8in. by 3% in. by % in.) resting on a flat side of the brick. The mortar 
was “struck off’ and after 10 minutes the form was lifted and the mor- 
tar scraped from the brick into the cone of the flow table and the flow 
again determined. The bricks used in the tests had an average 5-hour 
cold absorption of 9.1 +0.1 percent, by weight. 


(b) RELATION BETWEEN PLASTICITY OF LIME PUTTIES AND FLOW AFTER 
SUCTION OF LIME-SAND MORTARS 
Figure 2 shows the flows resulting after 1 minute of suction of lime- 
sand mortars (initial flow of 130) plotted against the plasticity of the 
lime putties used in preparing the mortars. The figure shows that 
there is a large spread in the flows after suction (73 to 117 percent) and 
that none of the more plastic limes gave the lower values for the flow 
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after suction. In general, mortars containing putties. prepared from 
the pulverized quicklimes gave higher flows after suction than did those 
containing putties prepared from the hydrated limes. All of the lime 
putties having plasticity values between 110 and 120 formed mortars 
having flows after suction of less than 90 percent. It is these non- 
plastic putties which appear to have even lower extrapolated plasticity 
values than those indicated by the Emley plasticimeter (see fig. 1), 
Had these lower extrapolated values in plasticity (40 to 50 instead of 
110 to 120) been plotted in figure 2 against the flow after suction, it 
would have been more evident that the flow after suction of a lime. 
sand mortar is dependent on the plasticity of the putty used in pre. 
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Figure 3.—Relation between percentage of flow of lime-sand mortars after suction 
and time of suction in minutes. 
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paring the mortar. . Figure 2 shows also that the use of putties having 
high plasticity values will insure mortars of high flow after suction. | 
The rates of stiffening of eight lime-sand mortars are indicated in 
figure 3 by the percentage of flow at increasing time of suction. The 
eight lime putties used in preparing the mortars were chosen because 
they gave a wide range in plasticity values and flow after 1 minute of 
suction. The results confirm, in general; those obtained by Palmer 
and Parsons * in that the mortars made from putties prepared from 


8 Rate of stiffening of Mortars on a porous base, Rock Products 35, no. 18, 18-24 (1932). 
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quicklimes do not decrease in flow as rapidly as those prepared from 


hydrated limes. 
Figure 4 shows the flows resulting after 10 minutes, suction of lime- 


sand mortars plotted against. the plasticity of the lime putties at the 
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Ficure 4.—Relation of flow of lime-sand mortars after 10 minutes’ suction to plasticity 
of the lime putty used in preparing the mortars to an initial flow of 130 percent. 





120 








S 
S 





S 























So 
S 


Puttes prepared frorn: 
0=High caleium guickline 
e-/igh calcium hyarated lime 
a-Dolomitic hydrated slime 





ov? rich, perceri 
S 





Flow atfer (/O rrr? Suctiorr 
=.) 
S 





g 












































§ 





100 200 300 400 500 600 
Plasticity values of lime purthes 
Figure 5.—Relation of flow of lime-sand mortars after 10 minutes’ contact on sand- 


lime brick to plasticity of the lime putty used in preparing the mortars to an initial 
flow of 130 percent. 
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time they were used in preparing the mortars. This plot shows, as il- 
lustrated by figure 2, that the flow after suction of a lime-sand mortar 
in general increases as the plasticity of the limes used in preparing the 
mortars increases. 
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These same lime-sand mortars were used also to determine how 
much the flow was decreased when they were spread on bricks in the 
approximate thickness of a mortar joint according to the procedure 
previously outlined. Figure 5 shows the flows of the mortars at the 
end of 10 minutes’ contact with the brick plotted as a function of the 
plasticity of the constituent lime putties. As shown also with the 
filtration apparatus, the flow of lime-sand mortars resulting from 
contact with porous bodies is dependent largely upon the plasticity of 
the lime putty used. : 
Since the flow of lime-sand mortars determined both after a ten 
minute suction period with filtration device and on bricks were related 
to the plasticity of the lime putties, it is evident that the filtration 
device can be used to indicate the behavior of a mortar in contact 
with a sand-lime brick. This relation is illustrated in figure 6, 
These relations were obtained with but one make of sand-lime brick 
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Ficure 6.—Relation of flow (in percent) of lime-sand mortars after 10 minutes’ 
suction on sand-lime brick to flow (in percent) obtained after 10 minutes’ suction 
with the filtration apparatus. 


and further studies on different types of brick representing wide 
ranges in absorptive properties would be of interest. 












(c) EFFECT OF DIFFERENT LIMES ON FLOW OF CEMENT-LIME-SAND MORTARS 


Since the studies on lime-sand mortars indicated that the flow 
after suction of the mortars decreased in general as the plasticity of 
the lime putties used in preparing the mortars decreased, three me 
putties of high, intermediaie, and low plasticity values, respectively, 
were chosen to study their effects on cement-lime-sand mortals. 
Lime A was a putty prepared from a high-calcium quicklime having 4 
plasticity value greater than 600; lime B a putty from a high-calcium 
hydrated lime with a plasticity value of 280; and lime C a nonplastic 
high-calcium hydrated lime putty with a plasticity value of 120. 

Figure 7 shows the change in flow after suction resulting from the 
addition of increasing amounts of the three limes to portland cement 
A. The proportions of the constituents of the mortar are indicated 
both on a weight and volume basis. A factor worthy of note is that 
the kind of lime used and manner of using are of more importance ID 
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securing a high flow after suction than is the proportioning. Thus, 
the relatively small quantity of lime putty A in the mortar 1C:0.25L:3S 
by volume increased the flow after suction of a straight cement-sand 
mortar (1C:3S by vol.) from 46 to 87, a value greater than that of 
the straight lime-sand mortar prepared from putty C. When lime 
(was not soaked to make a putty but was added as the dry hydrate to 
the mortar it gave a still lower value. Also, when added in this way 
in preparing a cement-lime-sand mortar (a common practice), lime 
( increased the flow after suction but slightly. The increase in 
flows between a 1C:1L:6S by volume and a 1C:2L:9S by volume 
resulting from an increase in the proportions of both lime C (not 
soaked) and lime A are negligible as compared to the difference 
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Ficure 7.—Relation between the flow after 1 minute suction of mortars resulting 
from the substitution of different limes for a typical portland cement and the per 
centage of limes substituted for the cement. 


Specific surface of cement A was 1,750 cm*g and plasticities of lime putties A, B, and C were greater than 
600, 280, and 120, respectively. Pvior to suction all mortars were brought to a flow of 130 percent. 


obtained with the use of lime A in preference to lime C (either soaked 
or not soaked). 

_ Figure 7 shows also that the addition of 0.2 percent of stearate 
increased but little the flow after suction of the mortars 10:1L:6S 
by volume using putties A, B, and C. 

The flows after suction of mortars made by adding putties A, B, 
and C to a cement-sand mortar made with the cement B, are shown 
in figure 8. Comparison of figure 8 with figure 7 shows that with the 
use of a cement of high specific surface (cement B), the flow after 
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suction of a cement-sand mortar increases over that obtained by use 
of a typical portland cement (cement A). This increase, however, 
is small in comparison with that obtained with a lime putty similar 
tolime A. The addition of only 0.25 parts by volume (0.11 by weight) 
of this lime increased the flow after suction of the typical portland 
cement-sand mortar more than twice that attained when the high. 
early-strength cement B was substituted for cement A in the 10:3§ 
mortar. The flow after suction of mix 1C0:1L:6S by volume was 
practically the same (105 +1) when both of these cements were used 
with lime A. Figure 8 shows also that the flow after 1-minute suction 
of the cement-sand mixture 1C:3S by volume was practically the 
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Ficure. 8.—Relation between the flow after 1 minute suction of mortars resulting from 
the substitution of different limes for a cement of high specific surface and the 
percentage of limes substituted for the cement. 


Specific surface of cement B (high-early-strength) was 2,750 cm2/g and plasticities of lime putties A, B, and 
C were greater than 600, 280, and 120, respectively. Prior to suction all mortars were brought to a flow 
of 130 percent. 


same as that obtained with the straight lime-sand mortar prepared 
with the unsoaked lime C. 


IV. SUMMARY 


A survey was made of the soundness.and plasticity of lime putties 
made from 43 commercial limes, including pulverized quicklimes and 
hydrated limes. Lime putties were used also in preparing lime and 
cement-lime mortars adjusted to a flow of 130 percent. Part of the 
water was then removed by a suction device and by contact with 
sand-lime brick and the resulting “flows after suction’’ were determined. 

When the 43 lime putties were soaked 1 day prior to testing (by 
steaming lime-gypsum pats at 120 lb./in.? for 2 hours), 7 of the 24 
hydrated limes and 8 of the 19 quicklimes were classified as unsound. 
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After soaking 3 days, four of the hydrated lime putties, and four of 
the quicklime putties were unsound. 

The plasticity values of the 43 lime putties prepared by soaking 
limes for 1 day ranged from 50 to more than 600, the most plastic 
putties being those prepared from quicklimes. 

Nineteen of the putties had higher plasticities after 3 days of soaking 
than they did after 1 day of soaking, but six of them were less plastic. 

The flows of lime mortars after 1 minute of suction varied from 73 to 
117 percent. 

In general, lime mortars prepared from quicklime putties gave 
higher flow values after suction than they did when prepared with 
hydrated limes. 

‘Flow after suction of lime mortars (whether determined with a 
suction apparatus or with mortars which had been placed on sand- 
lime brick) is dependent on the plasticity of the putty used in pre-- 
paring the mortar. 

Addition of a nonplastic dry hydrated lime increased the flow after 
suction of a portland cement mortar but little. Using the same lime 
as an aged putty gave higher flows after suction. 

The flow after suction of cement-lime mortars depends far more 
on the properties of the lime than on the cement-lime ratio. 


WASHINGTON, September 29, 1936. 
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EXTRACTION, WITH ACETONE, OF SUBSTANTIALLY 
CONSTANT-BOILING FRACTIONS OF A “WATER-WHITE” 
LUBRICATING OIL! , 


By Beveridge J. Mair and Sylvester T. Schicktanz ? 


ABSTRACT 


This paper describes the separation, with respect to type ofmolecule, effected 
by solvent extraction of substantially constant-boiling fractions of a ‘‘water- 
white” lubricating oil. Each charge of about 500 g was separated, by extraction 
in 14-m columns, into from 25 to 35 fractions. Kinematic viscosities at 100 and 
210° F and refractive indices were determined on all fractions. In addition to. 
the properties mentioned, carbon-hydrogen ratios, molecular weights, densities, 
dispersions, optical activities, boiling points, and aniline points were determined 
on about 30 “‘key” fractions. The extractor columns and their mode of operation 
are described. 
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I. INTRODUCTION 


This paper presents a continuation of the work on the chemical 
constitution of lubricating oil, undertaken at the National Bureau of 
Standards as part of the American Petroleum Institute Research 
Project 6. In particular, it describes the separation, with respect to 
type of molecules, effected by solvent extraction of oil which had 
previously been extensively distilled and which was substantially 
constant boiling. A correlation of the physical properties of certain 
fractions from this extraction process and their comparison with those 
of synthetic hydrocarbons of high molecular weight follows in a 
subsequent paper. 

' Financial assistance has been received from the research fund of the American Petroleum Institute. 
This work is part of Project 6, The Separation, Identification, and Determination of the Constituents of 
Petroleum. This paper was originally presented before the American Chemical Society at the Pittsburgh 


meeting in September 1936. 
1 Research Associates at the National Bureau of Standards, representing the American Petroleum 


Institute. 
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II. PRELIMINARY TREATMENT OF THE LUBRICANT 
FRACTION AND SCOPE OF THE PRESENT WORK 


The preliminary treatment of the lubricant fraction of the mid- 
continent petroleum used in this work has been described previously 
[1]® and is illustrated graphically in figure 1. It consisted in sepa- 
rating the lubricant fraction by successive treatments into three parts: 
(1) An extract portion by extraction with sulphur dioxide; (2) a wax 
portion by crystallization from ethylene chloride at —18° C; and (3) 
a “water-white” oil portion by filtration through silica gel. This 
paper deals with the water-white portion only, the investigation of 
which was begun by distilling it under high vacuum with the object 
of separating it into fractions differing in molecular weight. The light 
and heavy ends from this distillation were placed in storage as indi- 
cated in figure 1, and distillation of the remainder was continued un- 
til substantially constant-boiling fractions were obtained. Charges 
were prepared for extraction by mixing according to their viscosities, 
the distillation fractions of about 45 g each. The weight of these 
charges and the approximate range in kinematic viscosity at 100° F 
and refractive index at 25° C of the fractions which it was necessary to 
mix to prepare each charge are shown in figure 1 under Charges for 
Extraction. Each charge was separated into from 25 to 35 fractions 
by extraction with acetone in 14-m columns. Kinematic viscosities 
at 100 and 210° F and refractive indices at 25° C were determined on 
all fractions from the extractors. However, these properties are re- 
ported only for the series designated in figure 1 as A, B, C, D, E 
and F, which were regarded as typical. In addition for the same 
series, carbon-hydrogen ratios, molecular weights, densities, disper- 
sions, optical activities, boiling points, and aniline points were 
determined on certain ‘‘key” fractions. 


III. DISTILLATION 


The systematic distillation under high vacuum of the water-white 
oil was continued, using the equipment and procedure described 
previously [1]. When the range in viscosities of the fractions result- 
ing from the distillation of each charge, particularly for the more 
volatile portions, finally became nearly as small as the range in 
viscosity of the fractions which were blended to make up a charge, 
it was decided that it was unprofitable to continue the distillation 
further. In figure 2 are plotted the viscosities of fractions resulting 
from the final distillation with respect to the percentage by weight 
of the charge. Curves for all the charges are not included, but those 
given are typical. On the right-hand side of the figure are indicated 
the weights of the individual charges, together with the range in 
viscosities of the fractions which it was necessary to mix to prepare 
a charge. Curves J to V are the result of seven distillations in short 
fractionating columns, while curves VJJ to X represent the result of 
four distillations in a column molecular still, followed by from four 
to seven distillations in simple molecular stills. Curve VJ is the 
result of eight stages of molecular distillation followed by one dis- 
tillation in a short fractionating column. There was of course al 
interchange between the two types of distillation, the more volatile 


3’ The figures given in brackets here and elsewhere in the text correspond to the numbered references at 
the end of this paper. 
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fractions from the molecular stills (below 0.60 stoke) being charged 
for the next distillation into the fractionating columns, while the less 
volatile fractions from the fractionating columns (above 0.60 stoke) 
were charged into the molecular stills. 

A greater range in the viscosity of the fractions from the distilla- 
tion of the less volatile charges is noticeable. This may be due in 
part to the limited quantity of oil in this region, it being necessary 
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FiguRE 2.—Viscosities of fractions from the final distillation. 


Each point represents by its ordinate the viscosity of a fraction, by its abscissa the percentage which had 
been distilled, including the fraction. 


to blend fractions with a fairly wide range in viscosity to prepare 
even a small charge. 

At the end of this systematic distillation, the oil originally water- 
white was somewhat colored, the distillates being pale yellow, while 
the still-pot residues were reddish brown. 


IV. EXTRACTION WITH SOLVENTS 


A powerful tool for investigating the composition of lubricating-oil 
fractions is now available in extraction with solvents. Solvents 
have been used for many years to effect a separation of the various 
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types of hydrocarbons in petroleum. It is only recently, however, 
that the twofold action of solvents in separating both with respect 
to molecular weight and with respect to type has been clearly recog- 
nized. Jt is evidently of importance to extract fractions composed 
of hydrocarbons with a narrow range of molecular weights if the 
maximum separation with respect to type is to be obtained. Conse- 
quently, the extraction experiments of the earlier investigators were 
not particularly successful, since they used fractions of wide boiling 
range and obtained fractionation with respect 
to both type and molecular weight. 

Recently, also, Saal and Van Dyck [2], by 
drawing attention to the analogies between 
distillation and solvent extraction and empha- 
sizing the importance of reflux in extraction, 
have pointed the way to the more efficient 
use of solvents. Fenske and coworkers [3] 
have made notable contributions in this field 
and have constructed columns which utilize 
the idea of reflux and which give exceptionally 
good separations. . We are indebted to Pro- 
fessor Fenske for communicating to us, prior 
to publication, descriptions of his extraction 
columns. Columns similar to Fenske’s, de- 
signed for the small charges available, have 

been erected in this laboratory and have proved 
“ocr effective in separating the narrow distillation 
fractions with respect to type. 























V. DESCRIPTION OF EXTRACTORS 


In figure 3 is shown one of the extractors 
used with acetone, or acetone with 1.5 percent 
of water, as a solvent. It was constructed 
entirely of Pyrex glass. It consisted of the 
500-ml =, flask, B, from which the solvent 








was distilled to the condenser, J, and from which 
it flowed through the tube, J, then through the 
; oa” _-... oil in the erlenmeyer flask, D, (500 to 700 ml), 
Figure 3.—Schematic dia- retyrning again saturated with oil to the flask, B. 

iain When the solvent in flask B became saturated, 
oil came out of solution in the form of small globules, which, being 
heavier than the solvent, sank slowly to flask D against the ascending 
stream of solvent saturated with oil. The solvent entered the oil in 
the form of globules through the injector, F, and carried upward with 
it a stream of oil into flask D. This caused a circulation of oil through 
the system H, D, E, and insured thorough mixing of the oil and 
intimate contact with the solvent. The tubes Zand H extended 30 
cm below flask D. Distillation of the solvent was accomplished by 
electrical heating, the lower portion of the kjeldahl flask, B, being 
surrounded with an asbestos-insulated heating coil. To maintain 
smooth boiling the lower portion of the inside of flask B was coated 
with carborundum. A is a ground-glass joint, through which the 
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charge of oil and the solvent were introduced, and through which the 
individual fractions of acetone saturated with oil were withdrawn. 
Gis a fine glass tip, which was broken when it was necessary to with- 
draw the oil residue and solvent left at the end of an experiment. 

The desirability of obtaining a maximum separation of the com- 
paratively small charges of oil (about 500 g) governed the choice of 
the dimensions of these extractor columns. It was important that 
the path where the counterflow of saturated acetone and oil globules 
occurred be as long as possible, and also that the ‘‘hold-up’’; i. e., the 
amount of oil in solution and in the form of globules, in the column, 
represent a small fraction of the charge. For these reasons very tall 
extractor tubes with very small diameters were chosen. The extrac- 
tors were located in an elevator shaft and extended from the base- 
ment to the fourth floor, a distance of about 14 m (C, fig. 3). Ex- 
tractors with tubes 8, 6, and 4 mm in internal diameter were con- 
structed. The 4-mm tubes, however, proved impractical since they 
clogged frequently with oil. 


VI. CHOICE OF SOLVENT 


Acetone, or acetone containing 1.5 percent of water, which wa 
thought to be slightly more selective than pure acetone, was selected 
as a solvent. Many highly selective solvents—i. e., those solvents 
which give a good separation with respect to type—have been re- 
ported. Most of these, however, boil at elevated temperatures and 
were thought likely to be difficult to remove completely from the oil, 
and also likely to attack the oil at the temperatures necessary to 
distil and circulate them in the type of column just described. Methyl 
cyanide, one of the lower boiling solvents, was tried, but the globules 
of oil instead of falling freely stuck to the glass tubing, eventually 
clogging the column. 


VII. OPERATION OF EXTRACTOR COLUMNS 


After the circulation of acetone had commenced, about 6 hours 
were required before the acetone in flask B was saturated and oil 
globules appeared. ‘Two more hours were required before these 
globules traveled 14 m to the flask at the bottom of the column. 
After a suitable interval of time (16 to 32 hours) necessary for the 
attainment of equilibrium had elapsed, a fraction of acetone saturated 
with oil was withdrawn, and fresh acetone was added through the top 
of the condenser. This procedure was continued until all but a small 
residue of oil had been removed as fractions in solution in acetone. 
The greater part of the acetone was distilled off from the oil fractions, 
while the last traces were removed by sweeping out with carbon 
dioxide for 12 hours at 100° C. The residue in the column, removed 
by breaking tip G, was freed from acetone in a similar manner. Frac- 
tions of about 15 g, the amount required for determining physical 
properties, were obtained. The size of these fractions depended on 
the solubility of oil in acetone, and could be controlled to some extent 
by varying the quantity of acetone (200 to 350 ml) in flask B. It 
can be seen that this mode of operating is analogous to fractional 
distillation under total reflux. The oil container, D, corresponds to 
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the still pot, the flask, B, to the reflux condenser and receiver, while 
the column itself is analogous to the column in fractional distillation, 
The oil in solution corresponds to the vapor phase in distillation 
while the oil globules correspond to the liquid reflux. 

An enlargement of a photograph of a small section of an extractor 
column is shown in figure 4. The small size of the oil globules is 
apparent by comparing them with the scale on the left of the figure. 
They appear to vary from about 0.1 to 0.3 mm in diameter. Some 
magnification of the oil globules, along the horizontal axis, occurred in 
taking the photograph through glass and solvent. Small oil globules 
are desirable in obtaining a good separation, since the rapidity of 
attainment of equilibrium is dependent on the surface area. 

The circulation of acetone in the extractors was maintained at a 
rate of about 1.5 ml per minute. If the rate was increased much 
beyond this value, the smaller globules began to rise and a clogging 
of the column resulted. The hold-up of the column—i. e., the amount 
of oil in solution and in the form of globules between flask B and oil 
container D—was determined for one of the 6-mm extractors by using 
a calibrated U-tube instead of the lower reservoir. The height of 
oil in this tube was noted when the circulation of solvent had first 
began and again over a period of hours until the level remained 
constant. From the difference in levels the volume of oil in solution 
and in the form of globules both in the column and in flask B was 
computed. The volume of oil in flask B was then determined and 
the. difference gave the hold-up of the column. The hold-up, of 
course, depended on the fractions being investigated, the more soluble 
fractions giving the greater hold-up. For a distillation cut with 
kinematic viscosity at 100° F.=0.485 stoke, and using acetone con- 


taining 1.5 percent of water as solvent, the hold-up was 11.3 g fora 
6-mm column operating at about 27° C. This hold-up would repre- 
sent about 2 percent of a charge of 500 g. 


VIII. DETERMINATION OF PHYSICAL CONSTANTS 


Kinematic viscosities at 100 and 210° F. were determined with the 
aid of the assembly of viscosity pipettes previously described [1]. 
Where necessary, kinetic energy corrections were applied, and the 
results are believed accurate to within +0.5 percent. Viscosity 
indices were computed with the aid of the tables given by Hersh, 
Fisher, and Fenske [4]. . Density determinations were made with 
the aid of the same series. of viscosity pipettes, each value recorded 
being the result of two determinations agreeing within 0.1 percent. 
Molecular weights were determined by the ebullioscopic method 
previously described [5], using benzene as a solvent. The results are 
considered accurate to within +1 percent, although a precision as 
high as 0.2 percent was attained in any one determination. 

Boiling points at 1 mm of Hg pressure were determined with the 
aid of a thermocouple calibrated by the Heat Division of this Bureau 
in an apparatus which has been described previously [6]. 

Aniline points were determined in the usual manner, with equal 
volumes of oil and freshly distilled aniline. 

Dispersions were obtained from readings on the compensator drum 
of an Abbe refractometer and the tables provided with the instrument. 
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The optical rotations were measured in a 2-dm tube with a sac- 
charimeter in the Polarimetry Section of this Bureau and converted 
from °S to [a]p. A precision of about 0.01 in the values of [a]p was 
obtained. 

The iodine numbers were determined by the Detergents Section of 
this Bureau (Wijs method). In addition to the petroleum fractions 
the iodine number of the synthetic hydrocarbon, 1,1-tetralino-n- 
butyl-2-hexadecylethylene, was determined as a check on the accuracy 
of the iodine-number measurements. This hydrocarbon was kindly 
furnished by L. A. Mikeska of the Standard Oil Development Co. 
It should have an iodine number of 58, while the experimentally deter- 
mined value was 67. Presumably the experimental results are 
somewhat high, indicating some substitution as well as addition. 


IX. DETERMINATION OF CARBON-HYDROGEN RATIOS 





The degree of accuracy attained in the combustion analyses is 
evidenced by the data in table 1 on the combustion of a sample of 


TABLE 1.—Combustion analyses of n-nonacosane ' 





Combustion analyses 





W eight of sample moles H30 Mass sample 


less mass 


Ratio: — 
moles CO3| C+H 
| 




















i These determinations were made by C. B. Willingham. 
















n-nonacosane.* This high accuracy was made possible by the use of 
(a) oxygen freed from carbon dioxide, water, hydrogen, and organic 
impurities in a purification train; (b) a quartz combustion tube con- 
taining platinized quartz and copper oxide; (c) the use of hydrogen, 
in the U-tube adsorbers, as described by Rossini [7], when weighing to 
minimize errors caused by changes in room temperature and in 
barometric pressure and to make more certain the change in volume 
of the solid adsorbents; (d) sealed connections, except for a ground- 
glass to quartz joint at the inlet end of the combustion tube, and 
ground-glass joints to attach the U-tube adsorbers to the combustion 
tube; and (e) a condensation chamber as used by Rossini [8] between 
the combustion tube and the U-tube adsorbers. This chamber 
collected temporarily the water and prevented it from condensing on 
the lubricated ground joints. From this chamber the water was 
slowly aspirated to the absorber. It was found important to prevent 
the sample from catching on fire in the platinum boat which contained 
it, sce, when it caught on fire, there was a temporary depletion of 
the oxygen supply and incomplete combustion resulted, as evidenced 
by the deposition of carbon at the exit end of the combustion tube. 
Consequently, the greater part of the sample was aspirated through 


‘ This sample was furnished by K.S. Markley, Bureau of Plant Industry, U.S. Department of Agricul- 
ture, who prepared it from apple cuticle. 
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the tube by slowly moving the small section of the furnace, by“means 
of a thumbscrew, towards and over the sample. Only at the end of 
the experiment, when burning off carbon, was any flame visible in the 
boat. The atomic weights used in the computations were 12.009 for 
carbon and 1.0081 for hydrogen. 


X. TABULATION OF RESULTS 


Table 2 contains a tabulation of the kinematic viscosities at 100° 
and 210° F, viscosity indices, and refractive indices for all the fractions 
from series A, B, C, D, E, and F (see fig. 1), while table 3 records a 
more complete set of physical properties, together with their empirical 
formulas, of certain “key” fractions from the same series. 

The fact that series A 1s listed in the tables as A,, Az, and A; requires 
some explanation.. As shown in figure 1, the original charge from 
which this series was composed was divided into three parts, each of 
which was extracted separately. By blending the fractions from the 
three charges according to their physical properties three new charges 
were prepared, each of which was in turn extracted. It is the fractions 
from these second charges which are listed in tables 2 and 3 as series 


A), Ao, and As. 





i ee i DM 


Phaadealk nena 


TARLE 2. 








L8Gb ‘I 001 09 Z°€8 || FIFO" 0202 * oer “B09 04 STF 
FO9F “I ne “====""=="88R 04 BSL || £EHO" OES * 921 ““"""""G'Th 03 $°08 
LOOP “I 080" ZO¥E* gII is aOR 


SI9P T : ane . ““"“"S' TT 03 9°9 
609% ‘I . OS0 “0 L9¥Z ‘0 LI1 


il 








| 269% 'T CSE" 
| ¥09% I 
80ZF ° 


POLP T G6EP 
902 “T g SES 
60LF ‘T : QISF* 
LTL¥°T i ’ 2869 “0 


of Lubricating 





von O 


‘y SHINGS 











9090 ° L88¥* | “-=====""=="9'97 03 9'T9 || 9990" | ¢gzg° 296 “I “—““" 1 bE 04 BOS 
|| 8190" | Ibbo" 920 “T sees hs 
¢690 "0 £89 0 | ““""9' 19 01 8'Sb || 99900 ~=—s |: 68z90 7808: 

ayojs! ayoRs’ ayo4s! 94079) 


Extract 





J 01% | A 00! xaput g A 01 I 001 xepul 


“oon | men a Ay1S008}4 | «xapuy asavyo 
I 0198Ur OATA 
a on -Ouly wae —78 441 -ouly Pre. 
“SOOSTA OTFBUIOUT SY ie Bt | -SOOSTA O1PBUOUT YY soe ~OVIJOY 





























'y SaIUASs 


Mair | 
Schicktanz 


suo1pgD4sf wunez,0130d fo saysoadosd yoowfyq—Z Gav], 








17 


[Vol. 





| 9298 ‘I Sia etaies “-=-""""00T 09 $°86 SELF 
| ¢@9F ‘I ; “-"=*""""$ 86 0} 6'S6 Selb 
ZH9P “T “-*-=="=""6-68 04. 9°€6 || 99 9&Lb'T 
ZS9F ‘I $'€6 04 9°06 oe25 i 
699F “I ; 9°06 03 6°28 ogee * Oper 
1292 £90b'T 7 Penance eens n= sas Oe: Eee an. po ~"8'bb 03 62 
zz" | OLOP ‘T 1°98 04 Z°€8 pe OoLs 6° 03 SOF 
LI8Z * EL9F I “=-==""2-88 04 9°08 
Z08Z Z149F'T | porenenarsnaiie G8 EEe LESt LLP I 
2962 Ts a a =---"""9°22 03. 0'SZ ; 629F * LLLY ‘I 
Z69F * ISZb ‘I 
7608 Z69F * di diccee hehe “-""""Q'OZ 09 2°EL TOF" L6L¥ I 
£697 * “*""""Y'3L 03 0°02 9OLF* €08F “I 
ZOLP” ilbiabdoaa “---""9'0L 01 8°29 
SIL vy dulsy sieeiyharanee *“-=-8"79 03 ¢°¢9 || 0290" L88F ° SZ8P 'T cok “-""6'9% 04 ZEB 
IZLP* nae ns “-=-=-="¢"eg 07 9°9 || £090" 099% CORP “I $03 FSI 
S190 ° PSLP Oger’ | “““"P'RT 03 FSI 
O8Ze O8LF’ ie ch ---"¢"g9 03°19 |] 2290" SI6F PLSP 'T "ZT 04.9°9 
FILE 0 8ZLP" ee 7 “===="==-"8T9 04 3°69 || 090 0 #809 ‘0 7; a Ge Da ; 


ayors’ ayo 9707S) 

















A 001 xaput || . A O12 J 001 xeput gn 
Ay18008}A 1 es1eyO | _—_—ee Ayysoos}a ‘xopul esreyO 
—1B AY | = é o78Ur @Al} 


| --9Ul . —18 AY -oul 3 
-SoostA oFBMAUTY | a ah a ~SOOSIA OIFBUIOUTY wre a dad 


























@ Salads 








918 Journal of Research of the National Bureau of Standards 


ponuyu0yj—suouspnsf unajoujad fo saysadoud yooshiyq—zZ AIAVY, 





v 
S 
Qo 
= 
~~ 
S 
S 
‘*~ 
x 
Lad 
= 
N 
> 
& 
.S 
~~ 
SQ 
S 
NX 
~~ 
cs 


LLS0 ° 
2690 ° 
1190 ° 
0290 ° 


F£90 ° 
6€90 * 
€€90 * 
8490 ° 
2890 ° 


$690 * 
0690 * 
9890 ° 
F890 * 
0120° 


FILO 
620° 
S20 ‘0 


SESE © 


ShOP 
LEIP 
L80% 
6L1ZP 
L@8P 


P66F 
CR6P 


T68F * 


ZPSF 
S8Zz¢ 


L¥es* 


£89¢ 


£689 * 











LS0 ° 
6890 ° 
1090 * 


£090 ° 
OT90 ‘0 











OZ9F ‘T 
LEOP T 


TSOP “T 


36 


3 OV OT 


0} Z'88 
0} 6°98 


0} o'18 


3 0F SSL 


0} EL 
07 8°0L 
0} 2°89 


03 2°99 
04 8°€9 
03 O19 
0} $°8¢ 
03 8°¢¢ 


03 2Z'€¢ 
0} ¢°0¢ 
0} FSP 








Z£60 * 


T680 * 
£680 ° 
160 °° 
9880 * 
¥060 ° 


£060 * 
TZ80° 
8260 ° 
Sg60° 
6160 0 


T8¢9 ° 


TEE9 * 


| 8822" 


ILPL ° 
9288 
600° 


6L16 ° 
IZ16° 
110° 
£226 ° 
6086 


2166 * 
2906 ° 
LL0° 
Lot“ 
$90" 


SI6F 


TE6¥ 
8Z6F 
L86F 
$Z0 

Z00¢ 


T 
4 
+ 
a 


I 


"' 


~PSb 04 SbF 
"Shh 03 OCF 








ORE CAA 


DO 


8190 * 
0990 * 





2690 * 
$020 ° 
OTLO* 
STL0° 
2Z20° 
6220 ° 





CLtb 
6029 
LS8¢ ° 
PLI9 
8819 
£909 
998g * 


Tg09 
LST9 
cst9 
8699 
¥ZL9 * 


TSZ9 ° 
8F69 * 
LZ89° 
L849 


‘0 








9ELb 
T9LP 
L8LP 
P6Lb 
86Lb 
86LF 
86LP 


I 
I 
* 
I 
I 


* 
7 
| 
5 
‘T 
“- 
% 


I 
T 
‘T 

I 

I 





“--=""="8°15 04 OFF 
9° Fb 03 OZ 
“-="="="@°-8% 04 0°68 
----="0'6E 04 6°98 
“---"=""6°98 03 £°O8 
“-"=""B'g8 04 £°SE 
“-"=""8°88 03 2°18 


“"""""B' 1S 03 0°6S 
““==""9'6% 03 0°9Z 
“"~"""0'9S 03 8°FS 
““""=""8'F 03 108 
“-======1°03 04 9°27 


ee ee 








OOT 03 2°68 
2°68 03 FES 
““b $8 03 9°18 || SLIT 
“18 03 €°G2 PZT ° 2 ““-""#' Oe 03 OLS 
"GL 03 OTL gSzI° ; Serres bie: CC 
ae ae OZ 04 €°99 
"99 03 #29 || B9ZI° Aare ; ““"""8'SS 03 061 
‘29 03 FOG || ESZI* = warm ““""""9' BT 03 HFT 
“99 03 629 S8ZI * Bette Pain iii ¢ ““""“P PT 03 £6 
“SG 0} F'6h || OTST” “""$"6 03 FF 

b 6F 03 FOF O8ZT ‘0 ; . : Tene 


bs 
~ 
si} 


[Vol. 17 


Tega 


SS eRe 
































J Saluas 


£08¢ ° ; é : OOT 0} 2°26 ‘ Span hear: ~~" 6' 3G 0} T6P 
bOZS * : ‘ : : L°L6 03 46 | pies , ‘ ~~" 1'6F 03 2 LP 
61bg ° 7 ; i ———""P' 6 03 0°26 : i Bice ~""S LP 0} OSb 
gegs * : a , oe eee “““"0'S6 03 8°68 es : “PSH 03 SEP 
_ in woh a : c “~—""S'Sh 09 L'Ob 
Sess * : 8°68 03 €°28 ; = aaa weeneuas - 
F6LS" ‘ : en ont rent anememn sey ales ey ipsa socwee=ae an ee 
LO19* LP" ys hes nae smomnaree Geant ; j : ~_ 0,68 = Ole 
ZIT9 y ; SLL 03 SL : i | ; ~___O'L8 94 6'¥E 
LEO * ae : ESL 01 9°E2 an ; ~___8' VE OF SE 
L S°ZE 94 O08 


8IE9° } ar ; eeeeenies: = . ; ~~~"0'0E 03 £°22 
1629 ° ‘ re soeeeeeeee" STL 03 9°69 ; cane inate ““""""S' LS 03 OF 
Erb9" a , pues eC F : & 
OES9° | SOT , ; sore" 8°29 93 8°99 
8259 ° | €0T p nate ~~" 8'S9 03 S'Z9 2286 * 
| 
6229 ° 0OT ; uceeee oe ~""8'39 09 6°09 0F0 ‘T 
9619 ° OOT : gn : “eeeee""6'09 03 L'89 Shi I 
OFS0 ° 6829 ° 00T ; gre Sige weoeeese 2°89 93 0°29 OSE ‘T 
¥r80° 6689 ° 66 ’ 2 ; . : : ~~ OLE 93 OSE 048 ‘T 
880 ‘0 b189 “0 66 sian eee ie oeee"O'SS 93 BSE £62 ‘T 
9491S Y 94079’ 

















A 012 Gar 
T OZ xapul an T 0001 xopul GN 
Be £yjsooni ‘xapul eseyo AyS0081A | tygnuy 

3 > o1jeul 
—7e £41 y et} —4e £41 on ear} 

' i eUIM | -onayory ! ours “OB1JO 
“BOOSTA 0] BULOT YY va |} -SOOSTA OF}BMIEULY on dBIJOY 
| 


























QI Saluas 
ponuy4u0j—suorpnif wnaouad fo saysadosd yoowhiygq—zZ. W1AaV I, 


~*~ 
3 
s 
4 
3S 
D 
> 
2 
8 
L 
; 
= 
m9 
~— 
8 
& 
i) 
= 
S 
.S) 
$ 
— 
— 
S 
. 
8 
© 
wm 
*) 
ke 
> 
~ 
S 
~ 
~ 
5 
S 
e& 
N 
[oP] 





: *4SO[ WOT}OBIJ ‘oN[ BA PoOIVUIIsS| p 
*ssoo0id 3UIXBMOP [VULZIIO 04} UT [BAOUIOI pedvose pey YoIyA suOqiBoOIpAY Uered [VULIOU JO oIN4XI UI B Oq 04 SIvEddE [BI10JBUI OUT[[VISAIO SIV, “O o8$=JUlod Zuljjour 


PUB 6ZF'I =2N XOPU! GAIJOVIJOI B PLY YI “UOT}BIR[Y AQ POAOUTIOI SBA ONPISEI }” WOIOBIJ WIOI] XVM OUT, “XBA JO SO]}]JUBND [[VUIS PeUTB}UOD [[B 1O]}08I}X9 OY} W101} SONP]SeI OL, o 
*A[@ATOodsSel ‘6°T 
pus ‘TST ‘96'0 ‘IZ 919M SIOQUINU SUIpPO! oy) ‘sz pus ‘TO ‘o*y ‘Ely sMOTJOBIJ IO ‘NvoINg sty} JO WOTI0g sjueZI0j0q 94} Aq SUOTJOBI) OSE} UO PEUTMIIOJOP OOM SIOQUINU OUIPO] « 
‘masAx0 0} A[[Bdlourid o[qeINng!1748 ‘a10J910Y4 ‘ST SISATEUB TOTISNQUIOD OY} UI PUNOJ Ssoj ey, “eINI[MNAZy Jo JueurjJIedeq “g ‘Q ‘U9ZOIJIN PexTy JO Nveing oy Jo IOUT 
“L ‘u Aq ‘ouou uye}U09 0} PUNO} pu’ Uss0I}IU 10} PEZA[BUL OSTB SBM YT “S JO%,80'O PEUTeIUOD 4] PUNO} OYA ‘nveING SIq} JO S19jB MA “GW “O Aq ANJI[Ns 10} pozA[VUB sv TOIJOBIJ SIY,L v 
& SSI $800 * 9°SZZ | 00° FILET | SIT St60° | ZEEl° ChS8 * $208 * b9PS° | S6°I— ¥F'8E | £000°—| LF26° Leg OOT 9} 2 ‘68 
0 “ESI ¢800 ° G°El%Z | 60° SZZb TI | SOL 7860 * 088 * 1698 ° O€I8° e1gs* | OL'Z— 9°28 | O00" 1ZL6° SZs 4°68 01 b'F8 
L‘0@1 9800 * L142 | 08° LOLP ‘T eS0Ol * G9L6° gogs * O8I8° £298 ° ¢*L€ | 6000" 8696 * £29 OIL 03 € "So 
FLO 9600 * ¢ 69% T¢°* LOB8F “T PSI * 8288 * Z9ES * L¥L8° ‘LE | 6000° 6616 ° 61g € “SE 903 9°2Z 
T ‘101 8600 ° ¢ 69% cr €Z6F “I O8ZT* O168 ° ZEtS L288 ° 8 ‘9€ | OF00" [106° 11g bb 030° 
£ 221 F800 * 0°09%3 | 90° 069% “T 2820 ° 6648 * S108 ° CIts* & SE | 2000" | 0286" £ 'S6F OOT 93 2°26 OnpIsey 
9800 ° b'0SS | 6E° 1ZLP ‘I 2080 * L898 ° 9018" £088 * ¢100° 1¥26° 8 $8 032 °LL an 
9800 * F'9b% | 49° SoLP ‘T €980° 1g98 ° 6L18° 6998 ° 2000 * 8696 ° 6 ‘29 01 T ‘6h 
2600 ° b ‘64% | 28° 8Z8F ‘T 6£60° 8828 ° GOEs ° POLS * 8000 * 9926 * €°1Z 93:0 “F% 
LOTO* b Shs 666% “T L601 ° T€06 * €9S8" | 868° GE00° L198 ° Z ‘OL 99 8°9 
L ‘0% Eb9F “T L190 ° E8E8 * L68L° | 66Z8° 0000 * 666° OOT 93 66 
6 “SEZ 689% “T FE90 ° FOSS * 6008 ° 0ZF8 ° 1Z00 * 966° 6 98 03 ¢ “18 
L ‘G8 ZOLP 'T 2920 ° 6298 * F0Z8 * L6S8 ° 2000 ° ¢8¢6 ° b 'Sh 03 2 “bP 
z 18% SZ0S “I $£60° ¥806° | 6698° ‘4 £F00 ° £298 ° 2°8 939°F 
T “92% OZ9F “T ZL¥0 * P9ES * 282° Z2000° | 9966° OOT 93 8°86 
G69F ‘I g9¢0 * 9998 ° 0908 * $000 * E46" 9 69 93 6 °¢9 sit 
L8LP ‘T Z1L0° OFL8* | 0978" 9000 * £666 ° o ‘ZF 01 0 '6E 
bE6r TI OTL0° 0968 ° FOFS * 2288 * 2g 030° 
SZ9F “T ZSF0 * £466 ° F'86 93 6 °S6 
1oLt¥ ‘I 8FS0° 8896 * ¢ “cg 03 ¢ “E9 
L6LF “T 2190 * Z8E6 * € ‘ZE 09 € °6Z 
GL8P‘T 0£90° 9406 ° 9°9 930° 
Z8SP ‘TI 86£0 ° 6S00 ‘T OOT 03 2 ‘8 
POOP ‘T bOFO * ie agape Z ‘8 90392 °SL 
609% “I FIFO" 1F66 ° € 6S 93 Z “OG 
LPOF ‘TI 8E50 ° 8E86 ° OOT 03 £'E8 





£09 
L019 
Le0L 
£688 ° 


ing Oil 


° 
ici 


RRS Sa 


t 


TUCa 


“--"-@npIsey 
peers | 4 


of Lub 
R RRKRS 


von O 





b80E * 


808T ° 
806I ° 
O10Z ° 


9082 * 


-------8 py 


i 


Extract 


-------ty 


sjujod 
eull 





“O 0G 38 


°2N-4N 
uoIs 
-ledsiq 





"3H Jo 
UIUI [ 3B 
sjyulod 
Zulllog 


LILP'T 
SLLb I 
Z96F “I 
ZE0E “T 


TTS0° 


9090 * 
9990 * 
¢¢90 ‘0 
ayorg 


T8Z€ ° 


L88P ° 
G8Zg ° 
6929 ‘0 
9407S) 


th 
AAN AN A 


Shere 


+110°0 
3/3 


$996 * 
066 * 
6898 ° 
628 “0 


9 ‘088 
(088) p 


T ‘Lb 0} 2 °LE 


9°92 07 9°19 

L‘bE 972 02 

Z ‘11 930°0 
% 








(o.xep) 
“A 0001 





a 
se N 
Xopul 
@AT} 





xep 
-ul Att 
-SOOSIA 
or BUl 


|-OB1JOWY] -OUlY 


“A 001% 





‘a o00T 





| 


18 AqIsoo 














H+9 
ssvul 
SSO] 
e[dures 


t00/0°H 
sojour 
Oey 








SsByvy 
sosA[Bus 
uolsnqul0og 





}USIOM 


agin 


| “09/0 J | 





eZ1eyqO 





uo}0Blg 





solleg 





| a “SIA OIPBUIOUIY 








suortposf . fiay,, fo saysadoid pooishiyg—¢ AIAV I, 


Schicktanz 


Mair 





922 — Journal of Research of the National Bureau of Standards: [voi 17 


The percentage of the charge represented by each of the fractions 
was calculated, not on the basis of the oil charged into the extractors, 
but on the basis of the total weight of the fractions recovered. The 
weight of the oil recovered agreed with that charged into the extractor 
within a few grams, except for series D, where a break in the extractor 
caused a loss of 163 g. 


XI. CONCLUSION 


An examination of the physical constants of the oil fractions for 
series A,, Ap, and A;, shows that an excellent separation with respect 
to type of molecule has been obtained. The kinematic viscosities at 
100° F vary from 74 to 18 centistokes, viscosity indices from 35 to 
149, refractive indices from 1.5032 to 1.4587, the value of z in the 
equation C,H>2,,, from —9 to +0.35, while the number of carbon 
atoms to the molecule remains substantially constant. The separation 
for the charges of higher molecular weight is not quite so satisfactory, 
and some separation with respect to molecular weight, as well as with 
respect to type of molecule, is evident. This is probably due to the 
fact that these higher boiling fractions still had somewhat of a boiling 
range, as indicated in figure 2. 


The authors express their gratitude for the advice and encourage- 
ment of F. D. Rossini during this investigation. They also express 
their gratitude for the advice of M. R. Fenske, of Pennsylvania State 
College, whose suggestion. of the type of extractor column used in 


this investigation proved valuable. 
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FRACTIONS? 
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ABSTRACT 


A correlation of the physical properties of a series of petroleum fractions in the 
lubricating-oil region with each other and with the physical properties of syn- 
thetic hydrocarbons of high molecular weight has been made. The petroleum 
fractions had been extensively separated by distillation and extraction and their 
empirical formulas determined. The following properties were compared: 
densities, specific refractions, optical activities, specific dispersions, viscosities, 
viscosity indices, aniline points, and boiling points. 

It appears that the least soluble portion of the oil, that is, the material corre- 
sponding to the most highly refined product obtained by any good solvent ex- 
traction process, consists substantially of naphthenes (cycloparaffins) containing 
from one to about three rings to the molecule, together with the necessary alkyl 
radicals. The somewhat more soluble portion consists of naphthenes with more 
rings, together with some unsaturated hydrocarbons and possibly some aromatic 
hydrocarbons. There is no evidence whatever for the existence of iso or branched- 
chain paraffins. 

Because of the similar solubility relations, it is possible that in the extraction 
processes as used at the present time one-ring aromatic hydrocarbons are being 
discarded to waste along with the undesirable naphthenes containing about six 
rings to the molecule. This is a point well worth investigating, since these one- 
ring aromatic hydrocarbons may be a valuable constituent for good lubricating 
oil. 
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I. INTRODUCTION 


The literature dealing with the constitution of the lubricant frac- 
tion of petroleum has recently been reviewed by Mikeska [1] * and 
Rossini [2]. An examination of these and other articles shows a 
considerable divergence of opinion as to what types of hydrocarbons 
are present and what relationships exist between chemical constitution 
and physical properties. The feeling of doubt which exists regarding 
the chemical nature of the high-boiling fractions of petroleum is 
exemplified by the following quotation from a recent paper by Lane 
and Garton [3]: “From the standpoint of pure chemistry the use of 
‘paraffin’, ‘naphthene’, and similar terms as applied to the heavy ends 
of crude petroleum is still less justified. There are virtually no pub- 
lished data on the higher boiling fractions of crude oil which would 
indicate in a reliable manner the chemical nature of the compounds 

resent.” 

‘i One of the factors which has materially retarded knowledge in this 
field has been the lack of information concerning the physical proper- 
ties of synthetic hydrocarbons of high molecular weight. Recently a 
large number of hydrocarbons of high molecular weight have been 
synthesized, principally by Mikeska [1], and many of their physical 
properties determined, so that a direct comparison of their properties 
with those of petroleum fractions is now possible. 

In this laboratory there have recently been prepared from a mid- 
continent crude petroleum by extensive distillation and extraction a 
series of lubricating-oil fractions, which are perhaps more homogeneous 
with respect to type of molecule and molecular weight than any frac- 
tions hitherto obtained from lubricating oil. In the expectation of 
clearing up some of the existing differences of opinion, and in extending 
the knowledge of the chemical constitution of the lubricant fraction, 
this paper presents a correlation and comparison of the physical prop- 
erties of these fractions with each other, and with those of synthetic 
hydrocarbons of high molecular weight. 


II. ORIGIN AND HISTORY OF THE PETROLEUM 
FRACTIONS 


The origin of the lubricating-oil stock was well no. 6 of the South 
Ponca Field, Kay County, Okla. Before receipt at this Bureau, the 
portion of the crude petroleum containing the lubricating oil was 
fractionally - distilled in ‘‘vacuo’”’ by the Sun Oil Co. at Philadelphia. 
Its treatment after receipt at this Bureau is described in detail else- 
where [4, 5] and is illustrated diagrammatically in figure 1. Briefly, 
this treatment consisted in the preparation of a “‘water-white”’ oil by 
extraction with sulphur dioxide, by removal of wax, and by filtration 
through silica gel. This water-white oil was then fractionally distilled 
until substantially constant-boiling fractions were obtained. Charges 
with narrow boiling range were then extracted with acetone in 14- 
meter columns, each charge being separated into about 25 to 30 frac- 
tions. A number of fractions from six of the charges (designated as 
series A, B, C, etc., in fig. 1) were selected as key fractions and their 
empirical formulas, together with a large number of physical proper- 


3 The figures given in brackets here and elsewhere in the text correspond to the numbered references at the 
end of this paper. 
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ties, determined. These data, which have been published in tables 2 
and 3 of the preceding paper [5], are the basis for the correlation 
contained in§this paper. 


III. SYNTHETIC HYDROCARBONS 


The physical properties of the synthetic hydrocarbons used in this 
comparison are principally those reported by Mikeska [1]. In addi- 
tion, values for 16-butylhentriacontane from Suida and Planckh [6], 
dimethyl-9,12-di-n-hexyl-9,10-octadecane from Lerer [7], 1,1-dicyclo- 
hexylhexadecane and _1-cyclohexyl-2-hexahydrobenzylheptadecane 
from Landa and Cech [8] have been used in the charts of specific refrac- 
tion and density. Also used in the density chart is the value for 
1-phenyl-2-benzylheptadecane from Landa and Cech [8]. In addi- 
tion to Mikeska’s [1] values, the viscosity and viscosity-index charts 
contain values for 1,1-dicyclohexylhexadecane and 1-cyclohexyl-2- 
hexahydrobenzylheptadecane. The aniline-point chart contains values 
determined in this laboratory for two normal paraffins. The n-nona- 
cosane was prepared from apple cuticle by K. S. Markley, Bureau of 
Plant Industry, U. S. Department of Agriculture. The n-dotriacon- 
tane was a synthetic sample prepared by Y. Delcourt [9] and further 
purified by distillation in this laboratory. 


IV. PHYSICAL PROPERTIES AND CHEMICAL 
CONSTITUTION 


In his investigations of the lubricant portion of petroleum, Mabery 
[10] obtained fractions with empirical formulas ranging from C,,H2, to 
C,Ho,-30. He tested his fractions for unsaturation, and, finding none, 
attributed the deficiency in hydrogen from the formula C,,H2,,. to the 
presence of ring compounds. This deficiency of hydrogen in well 
refined oils of the Pennsylvania type is usually attributed to the 
presence of naphthene rings rather than of aromatic rings. However, 
it is known to be extremely difficult to remove aromatic hydrocarbons 
completely from the lubricant fraction, and the term “more naph- 
thenic’’ as frequently employed signifies nothing more than an increas- 
ing deficiency of hydrogen in the formula C,H2,,. Yet, in attempting 
to relate the chemical constitution and the physical properties, it is 
extremely important to know how much of this deficiency is attribu- 
table to naphthene rings and how much to aromatic rings. For 
example, as shown by the work of Mikeska [1], an aromatic with one 
ring and a long paraffin side chain may be expected to have a much 
lower viscosity and a lower temperature coefficient of viscosity (higher 
viscosity index) than a four-ring naphthene with the same number of 
carbon atoms. Yet both these compounds are represented by the 
same empirical formula, C,,Ho,-5. 

In the following attempt to correlate physical properties and con- 
stitution, it was consequently of importance to decide how much of 
the change in empirical formula was due to a change in aromatic 
concentration or unsaturation, and how much to a separation into 
fractions containing, respectively, more or fewer naphthene rings. 

Several methods which utilize such physical properties as molecular 
volumes (Davis and McAllister [11]), specific refractions, specific 
dispersions, and aniline points (Vlugter, Waterman, and Van Westen 
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[12]) have been used by other investigators to detect the presence of 
aromatics, or to determine the number of naphthenic rings in petro- 
leum fractions. But these methods usually involved a considerable 
extrapolation from the properties of synthetic hydrocarbons of low 
molecular weight to those of high molecular weight, and it was diffi- 
cult to say how reliable they were. Now, however, it is possible to 
check these methods with synthetic hydrocarbons of high molecular 
weight and arrive at a reliable picture as to the composition of the 
fractions under investigation. 


1. DENSITIES 


In figure 2 is shown a plot of the densities of a number of synthetic 
hydrocarbons of diverse types with respect to the number of carbon 
atoms they contain. Also represented by circles in the same figure 
are the densities of the key fractions from petroleum. The figures 
within these circles denote the value for z in the formula C,H,,,.,. 
The key fractions resulting from the extraction of each charge are 
connected with arrows, which denote the order of their extraction, 
An examination of figure 2 shows that monocyclic aromatics have 
lower densities than bicyclic naphthenes, although the value for z 
in the formula C,H2,;., is —6 for monocyclic. aromatics and —2 for 
bicyclic naphthenes. This suggests that a consideration of the values 
for x in conjunction with the densities may be used to determine 
whether an oil is composed of aromatics or naphthenes. “It is evident 
that the densities of the less soluble key fractions are, for given values 
of z, in fair agreement with those of the corresponding cyclohexane 
derivatives, but are much too high to.be accounted for on the supposi- 
tion that they are composed of monocyclic aromatics, or their mixtures 
with isoparaffins or naphthenes. For the more soluble fractions the 
densities are also higher for given values of x than those of the corre- 
sponding aromatics, which suggests that they also contain naphthenes. 
However, the absence of synthetic naphthenes with corresponding 
values of z, makes a direct comparison impossible, and the fact that in 
some cases the density is not so markedly higher than that of the 
corresponding aromatics suggests that they may .also contain some 
aromatic or unsaturated hydrocarbons. -This is borne out by a con- 
sideration of their other properties. : 


2. SPECIFIC REFRACTIONS | 


An important method for detecting. the presence of aromatics or 
unsaturated hydrocarbons in petroleum fractions, in which use is 
made of the specific refraction, has been employed by Vlugter, Water- 
man, and Van Westen [12]. These authors point out that if the Lor- 

2 


, : m—1 1. . . 
entz-Lorenz specific refraction, nz +3" a? is considered, aromatics 
D 


and isoparaffins have high specific refractions, while for naphthenes 
the specific refraction is lower and decreases as the number of rings 
in the naphthene is increased. Vlugter, Waterman, and Van Westen 
in this work have computed theoretical values of the specific refrac- 
tion for paraffins and naphthenes of high molecular weight from 
Eisenlohr’s values for the atomic refractions of carbon (2.418) and 
hydrogen (1.100). This method has, however, been criticized by 
Griffith and Hollings [13] who state, “We do not feel that agreement 
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between observed and calculated figures for the very few known 
hydrocarbons cited is sufficiently good to justify the extrapolation of 
the curves to include mixtures of widely different molecular weight. 
The fact that aromatic hydrocarbons are known not to give experi- 
mental results in agreement with those calculated is also significant.’ 
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Figure 2.—Densities of synthetic hydrocarbons and petroleum fractions. 


It is now possible to answer this criticism by calculating the specific 
refraction of a number of synthetic hydrocarbons in the region in 
which we are interested. This shows that Vlugter, Waterman, and 
Van Westen’s curves for naphthenes represent the facts remarkably 
well, and by the use of the method one can determine which of the 
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fractions from petroleum are free from aromatics and unsaturated 
hydrocarbons. 

In figure 3 are shown theoretical curves similar to those of Vlugter 
Waterman, and Van Westen giving the variation in specific refraction 
with the number of carbon atoms for paraffins and mono-, di-, and 
tricyclic naphthenes. In addition, a curve for monocyclic aromatics js 
included, computed on the assumption that a benzene ring causes 
an increment of 5.1* in the molecular refraction. On the left half of 
the figure are plotted values for the specific refractions of the synthetic 
hydrocarbons. Although there is very considerable variation in the 
specific refraction of the aromatics, it can be seen that, as stated by 
Vlugter, Waterman, and Van Westen [12] the aromatics, together 
with the isoparaflins, have high specific refractions. The values for 
three out of the four monocyclic naphthenes average close to the 
theoretical curve. The one with 24 carbon atoms is distinctly out of 
line. For the dicyclic naphthenes the agreement with the theoretical 
curve is remarkably good. . ex 

On the right half of the figure are plotted specific refractions of the 
key fractions from petroleum. As before, the fractions from each 
individual charge are connected with arrows which denote the order 
of their extraction. The figures within the circles represent the value 
of x in the formula C,H2,,,. Unlike the density and the refractive 
index, which show a continuous decrease as the ratio of hydrogen to 
carbon increases, the specific refractions go through minima. Presum- 
ably there is some fundamental change in the constitution of the frac- 
tions as these minima are passed. The specific refractions of the first, 
and in some cases the second, key fractions are much too high to be 
accounted for on the supposition that they are naphthenes. Lines are 
drawn. from these fractions to points which indicate approximately 
what should be the values of their specific refractions if they were purely 
naphthenic. On the other hand, if they were purely aromatic, their 
specific refractions would be much higher. For all the other fractions 
the agreement between the specific refractions and the theoretical 
curves for naphthenes is remarkably good. 

In addition to aromatic hydrocarbons, unsaturated hydrocarbons 
and nonhydrocarbon materials have high specific refractions, and one 
or all of these might be responsible for the high specific refractions of 
the first, and in some instances second, key fractions. Two of these 
fractions designated A and C were examined in greater detail in an 

attempt to decide which of these types of substances was chiefly 
responsible. As shown by the combustion analysis, fractions A and ( 
contained only 0.2 percent.and 0.36 percent of oxygen (or other non- 
hydrocarbon materials), and it was evident that such a small percent- 
age could not account for any appreciable part of the abnormality in 
specific refraction. Iodine numbers showed considerable unsaturation 
A and C giving, respectively, iodine numbers of 21.4 and 18.1, which 
corresponds to 0.32 and 0.28 double bond to the molecule. Eisenlobr 
has shown that one double bond to the molecule produces (on the 
average) an increment in molecular refraction of 1.707, so that the 
presence of 0.32 and 0.28 double bond to the molecule would cause 
increments of 0.548 and 0.487 in molecular refractions, which corre- 
spond for fractions A and C to increments of 0.00154 and 0.00121 in the 


4 This value was arrived at from a consideration of the molecular refraction of benzene, toluene, o, ™* 
and p-xylene, and the three trimethylbenzenes. 
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specific refraction. By subtracting these values from the specific 
refractions of A and C, one should obtain the specific refractions of 
A and C if they had contained no unsaturated material. The posi- 
tions of A and C corrected in this manner are designated in figure 3 
by squares, the figures within the squares indicating the z values 
for these fractions if they had contained no unsaturated material. 
It is evident that even with this correction for unsaturation the 
fractions have markedly higher specific refractions than the corre- 
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Figure 4.—Parallelism between specific refractions and specific rotations of petro- 
leum fractions. 


sponding naphthenes, and it seems highly probable that they contain 
considerable aromatic material. 


3. OPTICAL ACTIVITIES 


The optical activity of petroleum fractions is of importance since its 
study may shed considerable light not only on the constitution of 
petroleum but also on its origin. In figure 4 are shown plots of the 
specific rotation and specific‘refraction‘ofjthe key fractions with respect 
to molecular weight. It is evident that;the optical activities decrease 
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with increasing molecular weight. It is also apparent that the activity 
is least for those fractions with the smallest number of naphthene rings 
but increases rapidly with increase in the average number of naphthene 
rings. There is a striking parallelism between specific rotation and 
specific refraction, the specific refraction passing through minima for 
those fractions where the rotations pass through maxima. Since there 
is no connection. between specific refraction and specific rotation for 
substances in general, the parallelism pointed out here must have some 
significance peculiar to the composition of petroleum. As pointed out 
previously, the first fractions contain unsaturated hydrocarbons and 
probably aromatic hydrocarbons, and consequently it seems reasonable 
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Figure 5.—Specific dispersions of synthetic hydrocarbons and petroleum fractions. 







to suppose that the decrease in activity is due to the presence of un- 
saturated hydrocarbons or aromatics. If it is due to aromatic hydro- 
carbons it is interesting to speculate as to whether all aromatics mn 
petroleum have low optical activities, or, as in the case of naphthenes, 
whether the activity depends on the number of rings in the molecule. 









4. SPECIFIC DISPERSIONS 





Another property used by Vlugter, Waterman, and Van Westen [12] 
for detecting the presence of aromatic hydrocarbons in petroleum 
oils is the specific dispersion. These authors point out that, as with 
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specific refraction, the specific dispersion is highest for aromatics and 
lowest for naphthenes, decreasing with increase in the number of 
naphthene rings. In figure 5 are plotted values for the Lorentz- 
Lorenz specific dispersion 


for the key fractions from petroleum and for some of Mikeska’s [1] 
synthetic hydrocarbons.’ It is quite clear from a consideration of 
this property also that the first, and in a few instances the second, key 
fractions contain some aromatic or unsaturated hydrocarbons, but 
that in the remainder of the fractions the deviations of x in the 
formula C,H,;2 from the value +-2 is due to the presence of naph- 
thene rings. 


5. ANILINE POINTS 


In figure 6 is shown a plot of the aniline points ® of the key fractions 
from petroleum with respect to the number of carbon atoms, fractions 
from each series being connected with arrows which denote the order 
of their extraction. There are also included values for a number of 
synthetic hydrocarbons. Lines drawn through each type of synthetic 
hydrocarbon indicate approximately the change in aniline point with 
molecular weight for that type. Unfortunately, aniline points for 
only three synthetic naphthenes are available. The aniline points 
for the two synthetic monocyclic naphthenes are somewhat lower 
(about 5° C) than the aniline points of the corresponding petroleum 
fractions, while the aniline point for the synthetic dicyclic is about 1° 
lower than that of the corresponding petroleum fractions. It is 
doubtful whether these differences are significant, as they may be 
due to differences in the technique employed in determining the 
aniline points—such as purity of aniline, etc. As with the other 
properties, the aniline points of the first key fractions are abnormal, 
being too low to be accounted for on the supposition that only naph- 
thenes are present. 

These data make evident the extreme importance of extracting 
fractions with a very narrow range of molecular weights if it is hoped 
to separate the various types of molecules. For example, judging 
from the aniline points of the key fractions, the aniline point of a 
dicyclic naphthene of 30 carbon atoms is about the same as that of a 
monocyclic with 28 carbon atoms. To effect a separation of mono- 
cyclic naphthenes from dicyclic naphthenes, by the use of solvents 
similar in behavior to aniline, it is almost necessary to use fractions 
composed entirely of hydrocarbons with the same number of carbon 
atoms. A monocyclic naphthene with 32 carbon atoms has about the 
same solubility as a monocyclic aromatic with 42 carbon atoms, so 
that even the separation of monocyclic aromatics from monocyclic 
naphthenes requires that the distillation range be not too wide. With 

' The dispersion values on the petroleum fractions, and those of Mikeska [1] on synthetic hydrocarbons, 
were obtained with an Abbe refractometer which gave values of nr—n. instead of nr and n-, the properties 
required in this instance. To obtain the actual values of nr and n. use was made of Hartmann dispersion 
paper on which refractive indices for the different wave lengths are supposed to give a straight line. The 
validity of this procedure was checked by measuring the dispersion (nr—n-) for hexane, octane, and benzene, 
using the value for np given in International Critical Tables, and computing the values of nr and n.. The 
results agreed with the International Critical Tables values within 1 in the fourth decimal place for octane 
and benzene, and deviated by 2 in the fourth place for the F line of hexane. This method of calculation 


was suggested by C. P. Saylor of this Bureau. a 
‘ The aniline point is the temperature of complete miscibility of equal volumes of oil and aniline. 
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increase in the average number of naphthene rings in the key fractions 
the aniline point decreases and an extrapolation from the fractions 
composed of mono- and dicyclic naphthenes to the polycyclic naph- 
thenes leads to the conclusion that the solubilities of six-ring naph- 
thenes would not be far removed from the solubilities of monocyclic 
aromatics. So, to effect a separation of those classes by extraction 
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Figure 6.—Aniline points of synthetic hydrocarbons and petroleum fractions. 





would require very narrow distillation fractions. This point will be 
referred to later. 
6. VISCOSITY INDICES 


The relationship between viscosity, the temperature coefficient of 
viscosity, and constitution have been investigated by many chemists, 
and is now much better understood than a few years ago. Hugel [14] 
and Mikeska [1], attacking the problem from the synthetic angle, have 
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shown that increasing the degree of cyclization causes an increase in 
viscosity and a decrease in viscosity index. Davis and McAllister 
(11] found that a linear relationship exists between the viscosity index 
of an aromatic-free oil and the percentage of carbon atoms in naph- 
thene rings, the viscosity index decreasing with increase in the per- 
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Figure 7.—Viscosity indices of synthetic hydrocarbons and petroleum fractions. 


centage of carbon atoms in naphthene rings. They pointed out that 
the first extracts which they obtained from a Pennsylvania oil devi- 
ated from this linearity and explained this on the assumption that 
the first extracts contained aromatic or unsaturated hydrocarbons. 
It was of interest to test the relationship found by Davis and McAllis- 
ter [11] with the key fractions obtained in this investigation. In the 
upper half of figure 7 is shown a plot of the percentage of carbon atoms 
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in naphthene rings (calculated from the empirical formulas on the as- 
sumption of six carbon atoms to the ring) with respect to the viscosity 
index. For oils with viscosity indices above 90 (although there is 
a | a marked scattering 





of points) there is 
some semblance of 
linearity between vis- 
cosity index and per- 
centage of carbon 
atoms in naphthene 
rings. 

The majority of the 
fractions with viscosi- 
ty indices below 90 
(i.e., the first and sec- 
ond key fractions) are 
definitely out of line, 
their viscosity indices 
being much higher 
than would be expect- 
ed if only naphthenes 
were present. This 
abnormality is un- 
doubtedly due to aro- 
matics or unsaturated 
material, the presence 
of which in these frac- 
tions is evidenced by 
the specific refraction, 
specific dispersion, 
and aniline points. 

In the lower portion 
of figure 7 is shown a 
plot of the viscosity 
index with respect to 
the percentage of car- 
bon atoms in naph- 
thene rings for series 
A, together with those 
for a number of syn- 
O-'FSrostes” | thetic naphthenic 

hydrocarbons. The 

CO: viscosity indices of 
the synthetic hydro- 

- | carbons show the 
0 2 3 4 5 6 effect of constitutive 
NAPHTHENE RINGS PER MOLECULE differences besides 
Figure 8.—Viscosities of synthetic hydrocarbons and that of cyclization, 
petroleum fractions. but are in as good 

agreement with those of the fractions from petroleum as could be 
expected. 
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7. VISCOSITIES 


In figure 8 are’plotted the kinematic viscosities at 100° F of the 
key fractions from"petroleum with respect to the number of rings they 
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contain. The fractions from each extraction charge are connected 
with arrows which indicate the order of their extraction. The 
approximate number of carbon atoms in each series is indicated by 
the figures shown in the circles. Also represented in the figure by 
hexagons are a number of synthetic naphthenes, the figures within 
the hexagons indicating the number of carbon atoms contained in 
each naphthene. As has been observed by other investigators, both 
increase in molecular weight and increase in the degree of cyclization 
of the petroleum fractions cause an increase in the viscosity. As with 
the other properties, and presumably for the same reason (i. e., the 
presence Of aromatic and unsaturated hydrocarbons), the first key 
fractions show abnormal viscosities, which were lower than expected. 
The synthetic naphthenes show the effect of constitutive differences 
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FicurE 9.—Relation between boiling point and number of carbon atoms of petroleum 
fractions. 


other than cyclization, but are in as good agreement with the fractions 
from petroleum as could be expected. 


8. BOILING POINTS 


In figure 9 are plotted the boiling points at 1 millimeter Hg pressure 
of the key fractions, with respect to the number of carbon atoms. A 
straight line represents the data fairly well, with the exception of two 
points. 

As far as can be told from these data, the boiling point is a function 
of the number of carbon atoms and does not depend (at least to within 
about +3° C) on the number of naphthene rings in the molecule. 


V. EXAMINATION OF THE PROPERTIES OF THE 
FRACTIONS FROM SERIES A 


In this discussion of physical properties and constitution, so far 
only the key fractions, on which a large number of physical properties 
were determined, have been considered. It is now in order to con- 
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sider the properties of all the fractions from one charge. For this 
purpose the fractions from charge A, which was systematically 
extracted twice, will be considered. Charge A was divided into three 
equal parts (see fig. 1) and each part extracted separately. The 
resulting fractions were then blended according to their physical 
properties to make up three new charges, each of which was again 
extracted. In figures 10, 11, and 12 are plotted the refractive indices, 
viscosities, and viscosity indices of the fractions with respect to the 
percentage by weight of the charge for both the first and second 
extractions. The range in physical properties and total weight of 
the fractions which it was necessary to blend in preparation of the 
second set of charges are indicated at the right of the figures. 
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FiacurE 10.—Refractive indices of fractions belonging to series A. 


The wide spread in the properties of the fractions from the first 
extraction is evident. The spread in properties of the fractions from 
each charge in the second extraction is less, and in the case of the less 
soluble fractions is scarcely more than the spread in properties of the 
fractions which were blended to make up the charge. This indicates 
that the limit of separation, with acetone as a solvent, and with the 
small charges available, has about been reached. There is a sugges- 
tion from the constancy of physical properties indicated by the flat 
portion of curves J and JJ that compounds of one type are concentrat- 
ing in these regions, particularly since the empirical formulas in these 
regions correspond approximately to monocyclic and dicyclic naph- 
thenes. One of the most interesting features of curve [IJ is the fact 
that the viscosity decreases for the first few fractions, then rises 
markedly; the viscosity index also shows a similar peculiarity increas- 
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ing for the first few fractions, then decreasing markedly. These 
abnormal variations in viscosity and viscosity index are evidently not 
due to any change in the efficiency of the extracting column, since 
the refractive indices for these fractions decrease in a perfectly 
normal manner, but must instead be attributed to the fact that in 
this region we are dealing with a mixture of substances with markedly 
different viscosity characteristics. As has already been pointed out, 
the first fractions extracted contain small amounts of oxygen com- 
pounds, unsaturated material and probably aromatic hydrocarbons, 
and the abnormal viscosity characteristics are probably attributable 
to one or all of these substances. 

Mikeska [1] has shown, from his study of the properties of synthetic 
compounds, that unsaturation does not appreciably change the vis- 
cosity characteristics. Therefore, if the unsaturated compounds in 
the first few fractions have the same composition (except for unsatura- 
tion) as the naphthenes contained in these fractions, then no abnor- 
malities in viscosity would be expected. However, it is probable 
that the unsaturated material in these fractions is more nearly analo- 
gous in composition to the original charge, and consequently has a 
higher viscosity index and lower viscosity than the naphthenes in the 
fractions with which it occurs. This might account for the compara- 
tively high viscosity indices and low viscosities of the first few frac- 
tions. The possibility that these anomalies are caused by aromatic 
hydrocarbons with high viscosity indices raises some interesting 
speculations which are considered in the succeeding paragraph. 


VI. SPECULATION CONCERNING THE TEMPERATURE 
COEFFICIENT OF VISCOSITY OF THE AROMATIC 
EXTRACTS 


Mikeska [1] has shown that in changing from a naphthene ring to 
an aromatic ring, without altering the rest of the molecule, there is 
some decrease in viscosity but no appreciable change in the viscosity 
index, and that aromatic hydrocarbons with one or two rings attached 
to long paraffin side-chains have, like the corresponding naphthenes, 
remarkably high viscosity indices. One might then naturally expect 
some material of high viscosity index in the supposedly aromatic ex- 
tracts from petroleum. Yet to date no extract material of high 
viscosity index appears to have been found. Whether this material 
does not exist in petroleum, or whether its presence has been over- 
looked, is an interesting question. In figure 13 (curve J) are plotted 
the viscosity indices with respect to the number of rings in the mole- 
cule of the key fractions resulting from the double extraction to which 
reference has already been made. The 5 key fractions which contain 
no aromatics form a smooth curve which has been extrapolated to 
indicate (this requires experimental verification) what would be the 
viscosity index of a naphthene with 6 rings and 28 carbon atoms. On 
the basis of Mikeska’s conclusions just referred to, curve JJ has been 
constructed identical in shape with curve J and indicates what would 
be the viscosity indices of aromatics analogous in constitution to the 
naphthenes of curve J. Curve JJ is displaced from curve J in such 
a manner that monocyclic aromatics fall above hexacyclic naphthenes. 
If aromatics with one ring have solubilities not far removed from those 
naphthenes with six rings (as was indicated to be probable in the dis- 
cussion of aniline points on p. 932), it is easy to see why aromatic 
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extracts of high viscosity index have not been obtained. In the 
modern methods fractions with wide boiling ranges are extracted, 
and the mononuclear aromatics of high viscosity index would always 
be mixed with polynuclear naphthenes of low viscosity index. This 
question, in addition to its theoretical interest, is of considerable 
practical importance, since the petroleum industry today may be 
discarding, in the solvent extraction processes, aromatic material with 
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Fiaure 13.—Relation between viscosity index and number of rings for cycloparafins 
and for aromatic hydrocarbons. 
viscosity characteristics as good as the best naphthenic material and 
with oxidation characteristics which may be as desirable. 


VII. THE QUESTION OF THE PRESENCE OF ISO- OR 
BRANCHED-CHAIN PARAFFINS IN LUBRICATING OIL 


Whether iso- or branched-chain paraffins are an important constitu- 
ent of mineral oils is a question concerning which there have been 
differences of opinion. Kyropoulos [15] came to the conclusion, a8 4 
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result of comparing the refractive indices and densities of fractions 
of a Pennsylvania oil with those of synthetic hydrocarbons, that it 
was composed largely of isoparaffins. Vlugter, Waterman, and Van 
Westen, considering the same data on the same oils, show that the 
specific refractions are too low to be accounted for on the assumption 
of the presence of isoparaffins, and concluded that these oils are com- 
osed of naphthenes. An examination of the literature shows that 
of the many fractions of wax-free lubricating oils from a wide variety 
of sources, and prepared by widely different methods, none have been 
found with a positive value of z in the formula C,,H2,,,. An examina- 
tion of the key fractions used in this investigation shows only one 
fraction with a positive value for x (r= -+0.35) in the formula C,,H2,,;. 
This fraction contained a small amount of wax, which was removed 
and identified from its melting point and refractive index as being 
composed of normal paraffin hydrocarbons. Negative values for xz 
do not, however, prove the absence of isoparaffins, since mixtures of a 
dicyclic naphthene with an isoparaffin may give negative values for z. 
Nevertheless, the fact that there were observed no fractions richer 
in hydrogen than C,H2,, (except for that one known to contain nor- 
mal paraffins) obtained from an extraction process which was definitely 
separating the oil into fractions containing respectively more or fewer 
naphthene rings, and which should consequently have separated iso- 
paraffins, is considered strong evidence that no appreciable percent- 
age of isoparaffins exists in these fractions. 

Indeed, even the supposed existence of isoparaffins in wax from 
petroleum needs reexamination, since the determination of the em- 
pirical formulas of some waxes in this laboratory [16] has shown that 
certain waxes melting some 35° C below the corresponding normal 
paraffins, and which formerly were supposed to consist of isoparaffins, 
show considerable deficiencies in hydrogen from the formula C,,Hon+». 


VIII. CONCLUSION 


From the comparisons and analyses which have been made in the 
preceding pages, the following conclusions may be drawn. 

1. The least soluble portion of the oil—that is, the material corre- 
sponding to the most highly refined product obtained by any good 
solvent-extraction process, consists substantially of naphthenes 
(cycloparaffins) containing from one to about three rings to the mole- 
cule together with the necessary alkyl radicals. The somewhat more 
soluble portion consists of naphthenes with more rings, together with 
some unsaturated hydrocarbons and possibly some aromatic hydro- 
carbons. 

2. There is no evidence whatever for the existence of iso- or 
branched-chain paraffins in the lubricating oil from midcontinent 
crude. 

3. Because of the similar solubility relations, it is possible that, in 
the extraction processes as used at the present time one-ring aromatic 
hydrocarbons are being discarded to waste along with the undesirable 
naphthenes containing about six rings to the molecule. This is a 
point well worth investigating, since these one-ring aromatic hydro- 
carbons may be a valuable constituent for good lubricating oil. 
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ISOLATION OF AN ISONONANE FROM PETROLEUM—ITS 
FRACTIONATION FROM NAPHTHENES BY DISTILLA- 
TION WITH ACETIC ACID? 


By Joseph D. White ? and Frank W. Rose, Jr.? 


ABSTRACT 


A nonane boiling at 135.2° C, probably a dimethylheptane, has been isolated 
from Oklahoma petroleum. It was found closely associated with naphthenic 
hydrocarbons in a distillation fraction boiling normally between 135 and 136° C 
from which aromatic hydrocarbons had already been removed. Separation of the 
mixture by distillation with glacial acetic acid yielded a fraction highly concen- 
trated in the nonane from which the compound was finally isolated by crystalli- 
zation from solution in liquid dichlorodifluoromethane. It constitutes about 0.1 
percent of the crude petroleum. 

The physical constants of the nonane have been determined and compared with 
those of nonanes known to boil near 135° C. It has properties similar to those of 
2, 6-dimethylheptane, but the agreement is not sufficient, in the absence of knowl- 
edge concerning other possible isomers, to identify the compound completely. 
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I. INTRODUCTION 


In the first systematic examination of American petroleum, Pelouse 
and Cahours [1]* obtained, upon treating a distillate ‘‘boiling within 
close limits” with concentrated sulphuric acid and redistilling the 
residual oil, a fraction which boiled between 136 and 138°C. On the 
basis of its vapor density they called the material hydrure de nonyle. 
It was characterized by them as having an odor faintly like that of 
lemons. Twenty years later, Lemoine [2], in a similar investigation 
obtained a fraction boiling within the range 135 to 137° C, which he 
designated as a-nonane. The exact source of the petroleum used in 

! Financial assistance has been received from the research fund of the American Petroleum Institute. 


This work is part of Project 6, The Separation, Identification, and Determination of the Constituents of 


—— This paper was presented before the American Chemical Society meeting in Pittsburgh, Sep- 


; Research Associate at the National Bureau of Standards, representing the American Petroleum Institute. 
Figures in brackets throughout the text indicate references listed at the end of the paper. 
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each investigation was not recorded. Most likely it came from east- 
ern Canada or from the Appalachian fields. On the other hand, con- 
temporaneously with Pelouse and Cahours, Warren, in a more care- 
fully conducted examination of Pennsylvania petroleum, found no 
nonane which boiled near 135° C [3]. No other investigation of the 
composition of petroleum has revealed the presence of such a nonane, 

Neither of the nonane fractions obtained by the above investigators 
closely resembled a pure aliphatic hydrocarbon in physical properties, 
This is not at all surprising since the nonane, whose separation from a 
midcontinent petroleum is described below, was found mixed with a 
naphthene hydrocarbon in an approximately constant-boiling distillate, 
An exhaustive distillation did not separate the nonane completely and 
only by subsequent crystallization could the compound be isolated in a 
nearly pure state. 


II. PRELIMINARY DISTILLATION 


In the course of separating the hydrocarbon constituents in an 
Oklahoma petroleum,‘ a 35-liter fraction was obtained which distilled 
between 130 and 140°C. After extracting the aromatic constituents 
[4], a redistillation of the residual oil at reduced pressure yielded a 9- 
liter fraction, boiling in the narrow range of 93 to 94° C at 215 mm 
(around 136° C at 760 mm), which was composed of a mixture of 
paraffin and naphthene hydrocarbons. Its refractive index ° of 1.418, 
when compared with those for paraffin and naphthene hydrocarbons 
boiling near 136° C (1.400 and 1.430, respectively) showed that it was 
somewhat enriched in the naphthene constituents. In an effort to 
resolve the fraction into its components, it was again systematically 
distilled—this time at atmospheric pressure and through more efficient 
columns packed with brass locket chain. With a reflux ratio of approx- 
imately 15:1, the distillation proceeded at a rate of 0.5 to 1 mla 
minute. The distillate was collected in 50-ml cuts which were sorted 
and combined according to boiling point and refractive index and 
redistilled in the same manner. 

To guard against decomposition of the material at its elevated 
temperature of boiling, the distillation was carried out in the presence 
of carbon dioxide. Even so, the still residues, in which the naphthene 
was concentrated, were partially decomposed when distillation was 
carried too far. To minimize this, a large portion of a charge— 
frequently a third—was generally left undistilled.® 

At the end of four distillations, the fractionation had proceeded as 
far as was feasible. Figure 1 shows the relation of the volume and 
refractive index of the resulting distillate to its boiling range. The 
lower step-wise line indicates the volumes of combined fractions which 
boiled within half-degree ranges. The upper line represents their 
refractive indices. The smooth curve imposed upon the upper line 
represents, without indicating the individual points, the refractive 
indices plotted against the boiling points of the 50-ml distillation cuts 
before pouring them together. The marked slope of the curve, as 

4 A description of the oil is given in BS J. Research 2, 469, table 1 (1929) RP45, and in J. Research NBS li, 
212 (1935) RP824. 
5 All refractive indices in this paper are for a5 unless otherwise noted. 


6 Redistillation of the combined naphthenic residues resulted in pronounced decomposition, as evidenced 
by the brown color and unpleasant pungent odor of the still residue. If, however, the residues were first 
filtered through a small amount of silica gel, the colored and odorous material could be adsorbed and the 
filtered oil largely stabilized towards decomposition upon subsequent distillation. 
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well as its minimum for material boiling near 135° C., indicates that 
the distillation had partially separated the original mixture into its 
component hydroearbons. Comparing the volumes of distillate with 
the refractive indices reveals that a fraction, more paraffinic than the 
others, was obtained which boiled between 135 and 135.5° C. A 
smaller and lower-boiling fraction obviously contained a naphthene, 
and a larger fraction, boiling higher, contained another naphthene as 
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Figure 1.—Volumes and refractive indices of petroleum fractions, boiling between 
133.5 and 136.5° C, after being distilled through chain-packed columns. 
Lower graph, volume distribution; upper graph, refractive indices; upper curve, change in refractive index 


with boiling point. 
its chief constituent. The isolation from this petroleum of the two 
naphthenes, ethyleyclohexane and a nonanaphthene, has already 
been reported [5]. 

The paraffinic fraction (n=1.4123) still contained a large amount 
of naphthene. While it could be crystallized from solution in liquid 
propane and methane, it could not be fractionated by crystallization, 
probably because it was nearly eutectic in compostion. 
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III. CONCENTRATION OF THE PARAFFINIC CONSTITU. 
ENT BY DISTILLATION WITH ACETIC ACID 


1. METHOD 


A relatively large fraction, composed chiefly of the paraffin con- 
stituent, was obtained by redistilling the material with glacial acetic 
acid. S. T. Schicktanz [6], while working in this laboratory on a 
similar problem with a petroleum fraction boiling near 165° C, found 
that, by distilling the oil mixed with an excess of acetic acid, all of 
it could be distilled out as azeotropic mixtures of the acid with the 
constituent paraffin and naphthene hydrocarbons, leaving a residue 
of the acid in the still. Fractionation of the oil took place because 
of a difference in the boiling points of the azeotropic mixtures. At 
his suggestion, a portion of our material was distilled with the acid, 
with the result that a most satisfactory separation of the paraffin 
from the higher-boiling naphthene occurred. The procedure was 
as follows: 

A mixture of 1 liter of oil (bp=136 to 136.5° C; n=1.4160) and 1.5 
liters of acid was distilled in a 3-liter glass still, having a column of 
30 plates equipped with bubbling caps. A reflux ratio of about 
20:1 and a rate of 35 ml an hour were maintained. The distillate was 
collected in 100-ml fractions which were shaken with 400 to 500 ml 
of water to separate the oil from the acid. After drawing off the 
acid layer, the oil was washed acid-free with further small portions 
of water and analyzed by its refractive index and boiling point. 

In the test case, the fractions of washed distillate ranged in boiling 
point from 135.5 to 137° C and in refractive index from 1.408 to 
1.427. The wide range in refractive index showed that a pronounced 
separation had taken place. Using the procedure outlined, the 4.2 
liters—shown in figure 1 to boil between 134.5 and 136.5° C—was 
accordingly subjected to a systematic distillation with acetic acid. 


2. CHARACTERISTICS OF THE DISTILLATION 


All fractions distilled, except the first one or two which contained 
a small amount of water, were homogeneous solutions at 25° C. 
The initial fractions boiled near 109° C, were enriched in the paraffin 
constituent and contained 50 ml of oil in 100 ml of distillate. Those 
distilling near the end boiled near 110° C, were rich in the naphthene, 
and contained about 47 ml of oil in 100 ml of distillate. The last 
fraction to contain oil held only a few milliliters, which consisted 
chiefly of aromatic constitutents (xylenes).’ 


3. COMPARISON OF THE ACID DISTILLATION WITH THE 
OIL DISTILLATION 


In order to point out more clearly the effectiveness of the acid dis- 
tillation in separating the paraffin-naphthene mixture, the results of 
distilling certain fractions of the oil through columns packed with 


7 This discovery led to our developing a method, which we expect to publish later, for separating the 
aromatic from aliphatic and naphthenic hydrocarbons in py eee yr fraction boiling between 155 and 
) 


160° C. A solution of isopropylbenzene (boiling point 153.5° and acetic acid was found to distil several 

degrees higher than the azeotropic mixtures of the acid with the paraffins and naphthenes boiling near 155 

C. Similar facts account for the ease with which the xylene constituents are separated from a mixture 

of petroleum hydrocarbons boiling near 136° C when it is distilled with acetic acid. Lecat found the boiling 
int of the azeotrope of acetic acid-m-xylene to be 115.38° C. See Int. Crit. Tables 3, 319 (McGraw-Hil 
ook Co., New York, N. Y., 1928.) 
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locket chain are compared in figure 2 with those obtained by distilling 
similar fractions with acetic acid, through columns equipped with 
bubble-cap plates. In the figure, the refractive indices of selected 
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Fiaure 2.—Curves comparing the distillation of petroleum fractions, boiling between 
135.5 and 186.5 C alone and with glacial acetic acid 


Curves J and JJ show the progressive change in composition (refractive index) of the distillate during dis- 
tillation of material enriched in naphthene. Curves JJI and IV show the same for material enriched in 
paraffin. For properties of the material distilled, see table 1. 


50-ml fractions of distilled oil are plotted against the percentage of 
the original charge distilled. The properties of the material used, 
and the conditions under which its distillation was carried out, are 
given in table 1. 
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TABLE 1.—Properties of the oil, and distillation conditions used to obtain the curves 
shown in figure 2 
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| Oil used for distillation Ss 
| ns i=] 
. | Type of dis- | 2. 8 g 
Curve i |} & aS = Type of column used 8 
tillation Boill is £ =| as 
olling |3 # 3 nal 
range \é 5 2 Source gs 
iz sa S| 2.8 
| | ao < SL] 
eos ine Sane: ree —. 
| : °C | ml ml 
| SPS Tee 136.0 to 136.5 {1.418 | 1,320 | Oil distillation..| Glasscolumn,2.5m tall, | 4 
chain-packed; 60 theo- 
retical plates; hold-up, 
| 160 ml, 
II. | Oil with ace- |-136.0 to 136.5 /1.4175 | 1,200 | Equal parts | Glasscolumn,2.5mtall, | 36 
: | tic acid. from oil dis- 30 bubble-cap plates; 
. tillation and 25 theoretical plates; 
= . 3 : acid distilla- hold-up, 160 ml. 
oS ; | .| tion. | 
i | oe Ofl...........} 185.5 to 184.0 |1. 412 1,100 | Acid distillation.| Same as for curve J_____- 20.5 
wee ; ae 
IV i ‘Oil with ace- | 135. 5 to 136.0 [1.4125 990 | Oil distillation..| Same as for curve JI_...:| 35 
tic acid. | 
| ! | 








1 A reflux ratio of 15:1 was maintained for the oil distillations; 20:1 for the acid distillations. 


Curves J and JJ of figure 2 show the results of each of the two 
methods in distilling material containing about 2 parts of naphthene 
. to 1 part of paraffin hydrocarbons. The curves have the same general 
shape, but the wide range in refractive index shown in curve JJ 
indicates that a better separation resulted from the acid distillation. 
Since the column in which the oil distillation was carried out had much 
the greater efficiency rating, the results obtained with it can only 
mean that the material is difficult to separate when distilled as oil. 
Conversely, in the acid distillation, the pronounced separation must 
have resulted from the better distillation conditions arising from the 
presence of the added component, and, notably, from the azeotropic 
relations of the mixture. Because of the necessity of leaving a large 
residue from the oil distillations, no comparison can be made between 
the end fractions of the two distillations. On the other hand, it is 
obvious that the initial fractions from the acid distillation contained 
a greater concentration of the paraffin constituent. 

Curves IJI and IV show that likewise with material containing 
the paraffinic compound as the major constituent, the acid distillation 
yielded the more paraffinic concentrate. In this case, the first half 
of the acid distillate (curve JV) contained a greater concentration of 
paraffinic material than did the first 50 ml from the oil distillation. 

In addition to effecting a better separation of the naphthene and 
paraffin constituents, the distillation with acetic acid had the advan- 
tage of permitting smaller initial quantities of oil to be distilled 
without leaving a residue of oil. This permitted the systematic dis- 
tillation to be carried well towards completion. <A further advantage 
was the readiness with which any aromatic material present could 
be separated from the other classes of hydrocarbons. This is illus- 
trated in curve IV of figure 2 by the arrow and the letter A, which 
represents the last 2.5 percent of distillate. ‘The average refractive 
index for this small fraction was 1.450, which indicates that about a 
third of it was aromatic hydrocarbon. Finally, in the acid distilla- 
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tion, no thermal decomposition of the oil occurred as it did from 
prolonged heating of the still residues in the oil distillation. 

The chief disadvantage of the acid distillation was the necessary 
washing of the distillate to free the oil from acid. 


4. RESULTS OF THE ACID DISTILLATION 


The results of systematically distilling the petroleum fraction with 
acetic acid are given in figure 3. ‘The lines and curves have the same 
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Ficurn 3.—Volumes and refractive indices of petroleum fractions boiling between 


134 and 136.5° C after distillation with acetic acid. 
The graphs and curve have the same significance as in figure 1. 


significance asin figure 1. A liter of the nonanaphthene (bp=136.7°C) 
Was removed, which left about 2.5 liters of paraffin concentrate 
boiling between 134.5 and 136.0° C. The largest single fraction 
boiled between 135 and 135.5° C, which indicated that the boiling 
point of the paraffin hydrocarbon lay within these limits. 
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Towards the end of the distillation, further concentration of the 
paraffin constituent became slow, the separation being complicated by 
the presence of some ethylcyclohexane. In the refractive index curve 
of figure 3, it is observed that the distillate boiling at 135.0° C had the 
lowest value, 1.405, and therefore contained the least amount of 
naphthene. That some naphthene remained in this fraction was later 
verified from the refractive index, 1.399, of the pure paraffin. Prob- 
ably as a result of the azeotropic conditions, a small amount of 
ethyleyclohexane persisted in the distillate boiling up to and slightly 
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Ficure 4.—Curves showing the progressive change in physical properties of fractions 
resulting from the distillation with acetic acid of material botling between 184.8 
and 136.2° C. 


White circles represent boiling points; black circles, refractive indices. 


above the boiling point of the paraffin.2 Likewise, the nonanaphthene, 
in turn, began to appear in the distillate boiling below 135° C. The 
situation is illustrated by the curves in figure 4 which show the change 
in boiling point and refractive index of material boiling between 134.8 
and 135.2° C when distilled with acetic acid. The minimum for the 
refractive-index curve seems to correspond with material boiling at 
135.1° C. 

8 This was found to be the case when a redistillation of material boiling immediately above that temper» 


ture, and from which a portion of the paraffin had been removed by crystallization, yielded fractions 
containing ethylcyclohexane. 
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The inability to obtain a fraction of nearly pure paraffin hydro- 
carbon by distilling the material described above with acetic acid is 
explained in part by the data given in table 2, which show that the 
minimum boiling points of the constituent hydrocarbons with acetic 
acid are closer together than the boiling points of the constituents 
themselves. 


TaBLE 2.—Boiling points of three hydrocarbons compared with the boiling points of 
their acetic acid azeotropes 





Azeotropic 
Boiling point | boiling point 
Hydrocarbon 760 mm (approx.) 
760 mm 





°C 

Ethylcyclohexane i 31.8 107.9 
Isononane 35. 2 108.8 
Nonanaphthene 36. 109. 6 











¢ For a fraction of the nonane having boiling point = 135.5° C; n?5 = 1.4045. All other values in this table 
were obtained with the best samples of the hydrocarbons isolated from petroleum. See table 4 and ref- 
erence [5}. 

Although distillation with acetic acid resulted in a decided separa- 
tion of the petroleum fraction herein discussed, it is not to be con- 
cluded that every mixture consisting of paraffin and naphthene 
hydrocarbons, and boiling in a narrow temperature range, can be so 
separated. Mixtures of this kind exist in which the azeotropic rela- 
tions cause both classes of hydrocarbons to distill at the same tem- 
perature with acetic acid. 


IV. ISOLATION OF THE PARAFFIN CONSTITUENT BY 
CRYSTALLIZATION FROM SOLUTION 


When various fractions of the paraffinic material obtained from the 
acid distillation were cooled they could not be induced to form crystals 
but they would suddenly become viscous at —115° C. The sudden 
change in viscosity® seemed to indicate that the oil was tending to 
crystallize at this temperature. When diluted with an equal volume 
of liquid dichlorodifluoromethane, a!l of the distillate boiling within 
the range 134.7 to 135.7° C and having a refractive index less than 
1.408 crystallized readily and yielded, on fractionation of the partially 
frozen material, a solid phase in which the paraffin was more concen- 
trated. Systematic crystallization of a liter of material, which boiled 
between 135.3 and 135.8° C and ranged in refractive index from 
1.4055 to 1.409, finally produced a nearly pure sample of an isononane. 
The progress of the separation of the compound is outlined in table 3. 


TaBLE 3.—Progress of the fractional crystallization of the paraffin concentrate 





Refractive | Initial freezing 
Volume | index, un-. point, un- 
corrected corrected 





25 °C 
1. 4070 |Glassat—115 
1. 4054 114 
1. 4038 
1. 4013 
1. 4000 
1. 3990 


ni 














* More recently we have observed the same phenomenon with the petroleum fraction boiling near 143° C, 
which contains the methyloctanes. . 
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V. PROPERTIES OF THE ISONONANE 


The 50-ml sample obtained after five crystallizations was refluxed 
over sodium to remove traces of solvent and then distilled. The time- 
temperature cooling curve of the distillate is recorded in figure 5, 
The curve shows that the sample had a freezing range of only 0.25° C, 
which indicates that the material, while not of the highest purity, was 
composed almost entirely of a single substance. Its nearly pure state 
was also indicated by the difference between its boiling point and 
condensation point. The small interval of 0.033° C was measured by 
M. Wojciechowski in a Swietoslawski ebulliometer of standard dimen- 
sions [7]. Further information concerning the sample’s composition 
was obtained by determining its carbon-hydrogen ratio. From two 
determinations, the average ratio, moles H;,O/moles CO:, was found 
to be 1.1082+0.0004. (The experimental values were, respectively, 
1.1086 and 1.1078.) Compared with the calculated value, 1.1111 fora 
nonane C,H», and 1.0000 for a naphthene C,H2,, the value found 
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Figure 5.—Time-temperature cooling curve of the nonane isolated from petroleum, 


indicated that the sample contained over 97 mole percent of the nonane. 
The compound was found by H. S. Isbell of the Polarimetry Section 
of this Bureau to be optically inactive. Itis further characterized by 
a very pleasant odor, but, unlike the fraction obtained by Pelouse 
and Cahours many years ago, it scarcely smells like lemons. 
The physical constants of the isolated sample are listed in table 4. 


TABLE 4.—Physical constants of the isononane from Oklahoma petroleum 





i ig. i inicc coepinntaggucecandwecs OF etl een ...--| 135.21+-0.02.¢ 
Difference between boiling and condensation, °C 0.033.¢ 
Freezing point, °C —103.25=-0.05. 


Specific gravity, d°? 0.70963 +-0.00602.° 
Temperature coefficient, Ad/At —0.00079 (20 to 25° C). 
Renee Ti i aia nn iB nin en nn can ee conn = ones x) A 
iain SON, ANIME os ne ck ne ce nadia cs neuse —0.00049 (20 to 25° C). 
_ Critical solution temperature in aniline, °C 81.2 +0.5.¢ 


moles H:0 1.1082 +0.0004. 


Carbon-hydrogen composition, ~ oles GOs 








* Determined in a Swietoslawski ebulliometer by M. Wojciechowski. For method, see reference (7.] 
> Determined by the Division of Weights and Measures of this Bureau. 
¢ Determined by Wilson Heuer. 
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VI. RELATION OF THE ISOLATED NONANE TO THOSE 
KNOWN TO BOIL NEAR 135° C 


A comparison of properties of the nonane from petroleum with 
those for a certain few of the synthetic nonanes is made in table 5. 
The properties of the isolated compound are the nearest like those 
of 2,6-dimethylheptane prepared by Konowalow, but are noticeably 
different from the properties of the same compound synthesized by 
Escourrou. This discrepancy prevents an accurate identification of 
the nonane from petroleum. Possibly it is 2,6-dimethylheptane. 
On the other hand, it is possible that the prototype of the isolated 
nonane has not yet been synthesized. Sixteen of the 35 structurally 
isomeric nonanes have been made. Of these, only those listed in 
table 5 boil near 135° C. It is quite likely that a few of the 19 
unknown nonanes, especially other dimethylheptanes or some of 
the trimethylhexanes, boil in this region. The nonane from petroleum 
may be one of these. 1t follows, however, from its optical inactivity 
that the compound either contains no asymmetric carbon atom or is 
the dl mixture of its optical isomers. 


TaBLE 5.—Comparison of properties of the isolated nonane with those of certain 
known nonanes 





Nonane CoH Boiling point 760 mm 





From Oklahoma petroleum: bas ©, 
White and Rose | a ae 
From ‘“‘American petroleum’’: 
Pelouse and Cahours, Compt. Rend. 56, 505 (1863) Ak, ee 
Lemoine, Bul. soc. chim., Paris (1) 41, 164 (1884) ae 


2,6-Dimethylheptane: 
Escourrou, Bul. soc. chim., France (4) 43, 1112 (1928) _- 3 2 1, 402 
Konowalow, Chem. centra. 77 (II), 313 (1906) ; 2 1. 4007 


2,5-Dimethylheptane: 
Clarke and Beggs, J. Am. Chem. Soc. 34, 54 (1912) 
Levene and Marker, J. Biol. Chem. 91, 418 (1931) _- 
Levene and Marker, J. Biol. Chem. 95, 13 (1932) - 
Tuot, Compt. Rend. 197, 1434 (1933) 


2,4-Dimethylheptane: 
Clarke and Beggs, J. Am. Chem. Soc. 34, 60 (1912) . . 7 
Tuot, Compt. Rend. 197, 1434 (1933) 30.5 3 1. 4023 


3,3-Dimethylheptane: 
Noller, J. Am. Chem. Soc. 51, 598 (1929) 6 ee . 7304 1. 4095 














* Constants are reported values corrected to 760 mm or to 20° C. ForAts/AP, see Int. Crit. Tables 3, 246 
(McGraw-Hill Book Co., New York, N. Y., 1928). Ad/At= —0.0008; An/At= —0.0005. 
> Richards and Shipley, J. Am. Chem. Soc. 38, 996 (1916). 


VII. CONTENT OF THE ISONONANE IN THE PETROLEUM 


All fractions from the acetic acid distillation which boiled between 
133.5° and 136.5° C contained the isolated nonane. No other paraf- 
fn hydrocarbon was present in a detectable amount. Further 
fractionation of the distillate, by distillation and crystallization, 
yielded 2.5 liters of assorted fractions in which the nonane was the 
chief constituent. The fractions ranged in boiling point from 135.0° 
to 136.0° C and in refractive index from 1.400 to 1.410. 

The amount of isononane in this material as estimated from the 
refractive index was approximately 1.8 liters. The total quantity 
onginally present, counting losses, was more than 2 liters, which, 
based on an original 2,300 liters of crude, amounts to about 0.1 per- 
cent of the petroleum. 
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SELECTION OF COLORS FOR SIGNAL LIGHTS! 
By Harry J. McNicholas? 


ABSTRACT 


Various colored lights produced by combinations of a tungsten-filament lamp 
and commercially available colored-glass light filters were tested for efficiency and 
accuracy of identification in each of two six-color signal systems consisting, 
respectively, of red, orange-yellow, white, green, blue, and purple lights, and of 
red, orange, yellow, white, green, and blue lights . The tests were made by 38 
normal observers on an outdoor range of 950 feet, for different weather conditions 
and signal intensities. Comparison between the two systems under prescribed 
service conditions showed that the use of purple with adequate lamp intensity is 
preferable to the use of both orange and yellow with red and white. Partial 
chromaticity tolerances and minimum lamp intensities have been determined 
for the six-color system containing purple. 


CONTENTS 


. Statement of the problem 
. Apparatus and method 
1. Light source and test range 
2. Test method 
Description of test colors and observers 
. Field observations 
1. Classification of test colors, series 1 
2. Classification of test colors, series 2 
. Effect of signal intensity on color discrimination 
. Selection of signal colors and tolerances 


I. STATEMENT OF THE PROBLEM 


The selection of colors for a system of signal lights is determined 
primarily by the number of colors required and the service conditions. 
Colors may be chosen with due consideration to some common defects 
in color vision, or for use only by normal observers. The lights may 
be seen as point sources or of sensible size; they may appear in associa- 
tion with other lights and on different backgrounds. Practical signal 
intensities and variable atmospheric conditions also enter into the 
choice of the colors. If but two or three colors constitute the system 
a wide range of service conditions may be met satisfactorily, and some 
preference for different possible colors accommodated; but as the 
number of colors required increases the choice becomes definitely 
restricted and the range of service conditions greatly reduced. 

On American railroads suitable ranges of red, green, yellow, and 
sometimes white have been adopted for use by normal observers at 


' This work was undertaken at the request, and with the financial support, of the Bureau of Aeronautics 
of the U. 8. Navy Department, and publication has been approved by that Bureau. 

The author is greatly indebted to various staff members of the National Bureau of Standards and the 
Bureau of Aeronautics for their cooperation in the recording and reduction of the field observations. In 
Particular, the advice and contributions of F. C. Breckenridge and R. 8. Hunter are acknowledged and 
appreciation is extended to C. @. Malmberg for help in the preparation of this publication. 
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moderate signal intensities for long-distance work. For short distances 
additional signals are obtained by use of low-intensity blue and purple, 
The different colors of this system are thus of unequal importance 
and all six need not be mutually distinguishable under every condition 
of service. These circumstances determine to some degree what 
specific ranges of each color class may be employed for highest signa] 
efficiency. Similarly, in the use of red, yellow, and green for street 
traffic control, the bluish-green glass selected is conditioned chiefly 
by the desirability of accommodating a fairly common abnormality 
in color vision (red-green deficiency). 

The present investigation was undertaken to determine the best 
colors and their tolerances for a six-color signal system to be used at 
night, over distances up to approximately 1,500 feet. All colors enter 
the system on equal terms and positive identification of each color is 
required by normal observers, without benefit of simultaneous con- 
trast with one or more of the other five, and under atmospheric condi- 
tions varying from clear to light haze. The choice of colors is limited, 
furthermore, by practical considerations, to that range obtainable by 
combinations of an incandescent lamp, operating at a fixed color 
temperature, with commercially available and reproducible colored- 
glass light filters, in the form of globular or tubular cover glasses for 
the bare lamps. The signals must be identified when seen as point 
sources of moderate or low intensity, which may approach under most 
adverse conditions the limit of chromatic visibility for normal 
observers. 

The most obvious selection of colors includes suitable ranges of red, 
yellow, white, green, blue, and purple. At the beginning of this 
investigation there was considerable uncertainty, however, as to the 
suitability of purple for the present purpose, and it was desirable to 
investigate thoroughly the possibility of the substitution of another 
color in its place. The objection to the purple signal arises from the 
following considerations: (1) A light source of relatively high candle- 
power is required for a given signal intensity to counterbalance the 
high absorption of light in all suitable purple glasses; (2) its identifica- 
tion as a point source depends almost entirely on the recognition of a 
dichromatic red-blue hue pattern which varies markedly from one 
observer to another; (3) it is susceptible to change toward the red by 
excess scattering of the blue component in hazy atmosphere. 

The two most likely possibilities for the elimination of purple are 
(1) the insertion of orange and yellow between red and white, and (2) 
the use of a blue-green and yellow-green between blue and yellowish- 
white. It will be shown, however, that the latter suggestion is not 
feasible, so that the final choice is reduced to only two six-color sets 
of signal lights which will be denoted herein as sets P and O (purple 
and orange), respectively. Set P consists of suitable ranges of red, 
orange-yellow, white, green, blue, and purple; set O includes red, 
orange, yellow, white, green, and blue. 

The specific purposes of the present investigation have been (1) 
to determine the maximum permissible chromaticity ranges for each 
color in the two six-color sets, (2) to indicate approximately the min- 
mum lamp intensities (candlepowers) required for positive identifica- 
tion of each signal color, and (3) to make a direct comparison of the 
accuracy of identification of colors in the two signal systems. [tis 
beyond the scope of the present paper to translate the selected chro- 
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maticity ranges and minimum signal intensities into corresponding 
tolerances in the transmissive properties of various light filters and 
in the color temperature and candlepower of the incandescent lamps. 
Inasmuch as only commercially available colored-glass filters were 
used in this investigation, the translation will always be possible for the 
establishment of practical purchase specifications for the lamps and 
colored glassware. 


II. APPARATUS AND METHOD 
1. LIGHT SOURCE AND TEST RANGE 


For the production of suitable colored-light signals, apparatus is 
required by which the lamp-and-filter combination may be con- 
veniently varied by successive interchange of different filters, and the 
signal or source intensity adjusted in each case to a prescribed value. 
The arrangement used is shown in figure 1. A 400-watt lamp was 
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Figure 1.—Diagram of apparatus for the production of light signals. 


operated at a color temperature of 2,840° K and mounted so that the 
distance from the plane of its filaments to the illuminated surface of a 
ground-glass diffusion screen could be varied at will. The diffusion 
screen was a plate of colorless borosilicate-crown glass, fine-ground on 
both sides, which served effectively as the source of light as seen by a 
group of observers stationed approximately 950 feet from the screen. 
The observers were grouped closely about the line of motion of the 
lamp filaments and subtended a horizontal plane angle of less than 1° 
at the source. The area of the diffusion-screen source was limited by 
one of a set of diaphragms with circular apertures ranging from 3 to 
30mm in diameter. Any one of these apertures could be centered in 
the line of sight of the observers and was placed close to the trans- 
mitting surface of the diffusion screen. Various filters could be 
inserted successively between the observers and the diaphragm. 

The color of the signal was changed by the insertion of different 
filters; the signal intensity was controlled by proper choice of the 
diaphragm and the position of the lamp on the track. By means of 
an illuminometer mounted at a distance of 50 cm from the diffusion 
screen, with its test plate centered in the observers’ line of sight, the 
candlepower of the source (without filter) was determined for the 
various diaphragms and lamp positions. Since the luminous trans- 
mission of each filter used was known, the proper diaphragm and 
lamp position could be chosen for each filter so that all signals 
could be shown at constant intensity if desired. 
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The test range extended from the flat roof of one building to that of 
another, both located on the grounds of the National Bureau of Stand. 
ards. The apparatus described above was enclosed in a small roof. 
house and the signals were exhibited through a diaphragmed hole in 
its wall. All observations were made in the early evening after dark. 
Observers were seated comfortably in the open and shielded from 
extraneous city lights. The signals appeared just below the horizon 
on a dark background of woodland and southern sky. Each observer 
was supplied with a board for support of his record paper. A low. 
intensity lamp with push-button switch was mounted conveniently 
on each board and could be lighted when needed for recording obser. 
vations. Continuous telephonic communication was maintained 
between the observers and operators at the signal-sending station. 


2. TEST METHOD 


The field observations were necessarily divided into a number of 
separate test runs, each run being made with a selected set of test 
colors and under different observational conditions as described in 
section ITT. 

When a group of observers was assembled for a run, the signals 
were presented singly in a prearranged random order unknown to the 
observers, who were asked to identify each signal as it appeared, as 
red, orange, yellow, white, green, blue, or purple. The first letter of 
the color name was recorded by each observer in definite order on a 
prepared record form without any oral announcement of the classi- 
fication. The number of permitted classifications varied in accord- 
ance with the specific purposes of the test. An z was recorded if the 
signal was invisible; otherwise a definite decision on the color class 
was required. In some runs all colors were exhibited at the same 
signal intensity (series 1, table 3); in other runs two or three fixed 
source intensities were used with each filter (series 2, tables 4 and 5), 
In any run all different signals and all intensities of the same signal 
always appeared in random order. The complete single exhibition 
of all colors at all selected signal intensities was repeated many times, 
each time with a different random order of presentation, until each 
color had been shown a prescribed number of times, which varied 
from 2 to 15 in different runs. 

The entire run was sometimes repeated under different weather 
conditions, signal intensities, or observer groups. Each signal lasted 
approximately 5 seconds, with about the same dark interval between 
the signals, during which the observers recorded their classification. 
Rest periods were provided as required. 

Two operators were engaged in the presentation of the signals, one 
to interchange the filters and diaphragms, and the other to set the 
lamp in proper position and to supervise the course of the experiment 
in accordance with a master schedule of operations prearranged for 
the run. This schedule contained the actual order of presentation 
and prescribed intensities for the signals. The run was started, 
stopped, or irregularities corrected by telephonic communication 
between the operators and one observer, who was in charge of the test. 
After completion of the run the master schedule was compared wi 
the record form of each observer and the individual color classifica- 
tions were rearranged in definite order with respect to the test colors 
presented, the permitted classifications, and the source or SI 


intensities. 
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III. DESCRIPTION OF TEST COLORS AND OBSERVERS 


A description of the signal colors as actually perceived is compli- 
cated by many complex factors. It is known that the perception of 
colors and the discrimination between them varies with the intensity 
and area of retinal illumination, and these factors become of consid- 
erable importance as the observational conditions approach the 
threshold of chromatic visibility for the very small sources with which 
we are herein concerned. Aberrations in the lens system of the eye 
also play an important role in the appearance and identification of the 
signals. For the average observer the greens, blues, and purples 
appear to spread over the field of view to a far greater extent than 
do the reds or yellows. The differential effect may be appreciable 
even between the adjacent red, orange, and yellow signals so that the 
apparent sizes of the “point” sources is of some assistance in the 
discrimination between them. 

Purple filters transmit only the ends (red and blue) of the visible 
spectrum. For the majority of observers the identification of purple 
depends largely on the effect of chromatic aberration in the eye, 
resulting in a partial or complete spatial resolution of the purple into 
its red and blue components. Most normal observers see the purple 
source as a distinct red center surrounded by a diffuse blue halo or 
blue radial streamers. Some observers see this color pattern reversed. 
Others see the blue spread with the red concentrated along a horizontal 
line. Various other patterns and degrees of spatial resolution are 
observed, including cases wherein the dichromatic effect is indistinct 
so that the signal appears as nearly a true monochromatic purple 
spread. This partial resolution of a point source into chromatic 
components is also noted by a few observers for signal white. A poorly 
defined orange-yellow center may be seen surrounded by a greenish- 
bluespread. Such sources, at medium intensities, have been mistaken 
occasionally for green or purple in these tests. 

The phenomena described all enter into the experimental selection 
of the signal lights, and complicate their precise description or speci- 
fication. Little work has been done on the colorimetry of point 
sources, and established colorimetric methods are all referred to 
simplified conditions of observation which include retinal illumina- 
tions of 100 photons or above, with field sizes of 2° or more. Under 
these conditions the aberration effects are absent, large variations in 
intensity are of reduced importance, and definite experimental rela- 
tions are established for purposes of practical colorimetry. In 
general, the principal requirements of the present investigation are 
adequately served by a numerical description of the test colors as they 
would appear to a standardized normal observer under the observa- 
tional and reference conditions as defined for colorimetric purposes 
by the International Commission on Illumination. It will be of 
Interest, however, in the following discussion, to indicate qualita- 
tively some changes in color perception accompanying the transition 
from standard conditions of observation to service conditions. In 
particular, an additional specification for purples will be provided to 
accommodate the aberration effect. Knowing the absolute intensity 
and color temperature of the source, and the spectral transmission 

* Proc. 8th Session, International Commission on Illumination, Cambridge, p. 19-29 (September 1931). 


j pakh and J. Guild, The CIE colorimetric standards and their use, Trans. Opt. Soc. 33, 73 (1931-32). D.B. 
add, The 1981 ICI standard observer and coordinate system for colorimetry J. Opt. Soc. Am. 23 ,359 (1933), 
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of the filters used, we may proceed then for the standard conditions 
by purely analytical and graphical methods to separate evaluations 
of the luminous and chromatic aspects of the signal colors, with 
reference to the ICI standard observer and specified coordinate sys. 
tems. 

The absolute intensity of the diffusion-screen source (without 
filter) and its color temperature were determined by direct comparison 
with laboratory standards. The spectral transmission of each filter 
used in this investigation was measured with the Koenig-Martens 
spectrophotometer,’ and luminous transmissions® were computed for 
the standard observer and source at 2,840° K. The values are recorded 
in column 3 of table 1, following the NBS laboratory number and 
manufacturer’s designation of the filter in columns 1 and 2, respectively, 
These NBS filter numbers are also used throughout this paper to 
denote the corresponding signal color. Signal intensity is the product 
of source intensity by the luminous transmission of the filter used, 
and serves in the present investigation as the quantitative expression 
for the luminosity of the signal color, as distinct from the color quality, 
or chromaticity. 

The chromaticity’ of each signal color is herein evaluated with 
reference to two different trilinear coordinate systems. The (2, y, 2) 
coordinates in columns 4, 5, and 6 of table 1, refer to the standard 
ICI system of colorimetry. The (r, g, 6) coordinates in columns 
7, 8, and 9 refer to the UCS (uniform chromaticity scale) system more 
recently devised by Judd. Values on the UCS system are graphic- 
ally represented for all the test colors on the equilateral triangle of 
figure 2. Inasmuch as the three coordinates sum to unity, by defini- 
tion, only two of them need be labeled in the figure. This is done for 
rand g and the unused parts of the triangle are eliminated. For com- 
parison and reference on the same diagram the locus of the pure 
spectrum colors is also shown, with the limiting purple line connecting 
the extreme spectral red and blue (violet). All real colors lie within 
this enclosure. Highly saturated colors are near the boundary and 
from thence the colors decrease progressively in saturation in the 
general direction of white. 

The characteristic property of the UCS diagram, which is of 
particular utility in the present connection, is that any series of colors 
equally separated in chromaticity will be represented on this diagram 
as approximately equidistant from one another. Hence, if concentric 
circles be drawn in any region of the diagram all colors on the cir- 
cumference of any one circle differ in chromaticity from the central 
color by approximately the same amount. 


4 For the theory of the transformation from one coordinate system to another, see D. B. Judd, Reduction 
of data on mizture of color stimuli, BS J. Research 4, 515 (1930) RP163; J. Guild, On the fixed points of a color- 
imetric system, Trans. Opt. Soc. 32, 25 (1930-31). 

, §H.J. py Equipment for routine spectral transmission and reflection measurements, BSJ. Research 
, 793 (1928). RP 30. 

6 Luminous transmission is the ratio of the candlepower of the source-filter combination to the candle 
power of the source alone, as would be measured by the standard observer with the source in operation ata 
color temperature of 2,840° K. 

? The term chromaticity characterizes the quality of the color, as distinct from its purely luminous aspect, 
and is perhaps most readily visualized in terms of hue and saturation. See Report of Committee on Colori- 
metry for 1920-21, J. Opt. Soc. Am. & Rev. Sci. Instr. 6, 527 (1922). Hue is that attribute of chromaticity which 
classifies all colors in their departure from gray (or white) as reddish, yellowish, greenish, etc. 
is that attribute of all colors possessing a hue, which determines their degree of departure from gray (or white). 
Gray (or white) is hueless and completely unsaturated; homogeneous spectrum colors possess the maximum 
saturation possible for a given hue. It will be convenient to refer qualitatively to the hue and sa 
of the signal colors, in relation to their quantitative expression and graphical representation in trilinear 


coordinates. 
8 D. B. Judd, A Marwell triangle yielding uniform chromaticity scales, J. Research NBS M4, 41 (1935) RP756 


or J. Opt. Soc. Am. 25, 24 (1935). 
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An outstanding feature of the diagram is the proximity of the 
whites to the spectrum locus. Under the observational conditions 
of the present investigation color 8472 is found roughly to define the 
center of the best range of signal white. Drawing a circle with this 
center and tangent to the spectrum locus shows that wave lengths in 
the neighborhood of \ 572 are nearest in chromaticity to the signal 
white, and hence the least saturated of all spectrum colors. The 
same wave length is found by Guild ® as that most easily confused with 
subjective white, for small sources and five observers. Again, it has 
been shown by others” for standard field sizes that wave lengths in 
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Figure 2.—Trilinear coordinates of test colors. 


the range between 570 and 572 represent the spectral region of lowest 
saturation. In the choice of two or three signal colors between green 
and red the hueless and completely achromatic nature of white gives 
Ita unique advantage over the nearby weak yellows. The identifica- 
tion of this signal is based solely on the observer’s subjective concep- 


Ny J. Guild, On the selection of a suitable yellow glass for railway signals, Proc. Int. Cong. Illum., Saranac Inn, 
New York, p. 862-876 (September 1928). 

‘I. G. Priest and F. G. Brickwedde, The minimum perceptible colorimetric purity as a function of dominant 
ware length with sunlight ae neutral standard, J. Opt. Soc. Am. & Rev. Sci Instr. 13, 306 (1926). D. Mcl. Purdy, 
a the saturations and chromatic thresholds of the spectral colors, Brit. J. Psychol. (Gen. Sec.) 21 (part 3), 
* A sah L. C. Martin, F. L. Warburton, and W. J. Morgan, Determination of the sensitiveness of the eye 
Ph, ferences in the saturation of colours, Medical Research Council, Reports of the Committee upon the 

ysiology of Vision, XIII, Special Report Series, no. 188, London (1933). 
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tion of whiteness. It is apparent that little or no advantage would be 
gained by use of a weak yellow in place of white in a six-color signa] 
system. 

It is well known that sensibility to hue differences is greater for 
colors of high saturation. Hence, for maximum distinctiveness from 
one another and from white, the chromatic colors should lie as cloge 
as possible to the spectrum locus and, in so far as the given UCS 
diagram applies to colors of ‘‘point’’ sources, the best choice of colors 
would be that which separates them equally on this diagram. 

By use of only commercially available colored-glass filters it is 
possible to approximate very closely to the spectrum colors in the 
red, orange, yellow, yellow-green, and saturated blue regions of the 
diagram. In the blue-green, however, all available glass filters of 
appreciable luminous transmission transmit a wide range of the 
spectrum and are of relatively low saturation. The near coincidence 
of the locus of spectrum colors and the locus of all test colors through 
the red, orange, and yellow makes it convenient for some purposes to 
express the chromaticity of these test colors in terms of the nearest 
wave length in the spectrum. These equivalent wave lengths are 
recorded in column 10 of table 1, and define a strictly homogeneous 
stimulus which yields an exact or nearest chromaticity match with the 
corresponding test color of heterogeneous spectral composition. By 
regular variation in the concentration of a given type of coloring matter 
in the glass, or by variation of filter thickness for a fixed concentration, 
a series of colors is produced which follows closely a regular curve 
in the diagram. Such curves are shown by the dash lines for two 
types of purples, the blues, greens, and whites. As the concentration 
or thickness decreases, each series of colors approaches the chro- 
maticity value of the source itself. Different types and variations of 
green filters, which would cover more adequately the broad two- 
dimensional spread of these colors, were not readily available for these 
tests. 

The proximity of the blues and purples on the diagram suggests 
thet the chromaticity difference between these colors must be quite 
inadequate for present purposes. This would indeed be the case if the 
source were of appreciable solid angular extent at the observer’s eye, 
as implied in the diagram; but when actually seen as “‘point’’ sources 
under service conditions the dichromatic red-blue pattern character- 
izing this signal gives it added distinctiveness over the purely mono- 
chromatic blues, and effectively places the signal closer to the purely 
monochromatic reds. An additional specification for the purples is 
hence desirable for present purposes, which will place these colors on 
a linear scale extending between the extreme blue and red. The 
required parameter is satisfactorily provided by the ratio of the red- 
light transmission (7) to the entire luminous transmission (7,,). The 
values of this ratio are given in the lower part of column 10, table |, 
and the relation to 7,, shown in figure 3, for the two types of’purple- 
glass filters employed in this investigation. 
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TABLE 1.—Description of test colors 
Colorimetric properties of source-filter combinations referred 
to the 1931 ICI standard observer and source at 2,840° K 
Lumi Trili dinat hada 
umi- Tilinear coordinates engt 
NBS num-| Maker’s designation of filters | nous for 
per of filters trans- reds 
mis- |{CI system (standard)} UCS system (Judd) | and 
sion yel- 
’ - Po y z r g b mee 
1 2 3 4 5 6 7 8 9 10 
3006.------- ae Te a. esc cccad 0.0006 |0. 7363 |0. 2637 |0.0000 |1.0000 |0.0000 |0. 0000 7 
} ieee Corn. 241, 17.5% 4 7326 | . 2674 | .0000 | . 9933 | .0067 | .0000 690 
eae Corn. 241, 46%.... 7281 | 2718 | .0000 | |9795 | |0205 | : 0000 655 
‘ ee Corn. 241, 34.5% . 2742 | .0000 | .9722 | .0278 | . 0000 650 
2 g.......- Corn. 241, 68%-. 7252 | .2748 | .0000 | .9704 | .0296 | .0000 649 
et Corn. 243, 126%_- 7193 | . 2807 | .0000 | .9529 | .0471 | . 0000 641 
f —— aapegte Kopp R. R. Re 7164 | .2836 | .0000 | .9444 | .0556 | . 0000 637 
Q eS Corn. 7143 | .2857 | .0000 | . 9384 | .0616 | .0000 635 
| eae Corn. 7088 | .2913 | .0001 | .9228 | .0772 | .0000 631 
e eee Corn. 6953 | .3046 | .0001 | .8871 | .1128 | .0000 622 
hy (See Corn. 6829 | .3169 | .0002 | .8564 | . 1435 | . 0001 616 
eee Corn. 6812 | .3186 | .0002 | . 8523 1476 | . 0001 615 
0 eae Corn. 6720 | .3278 | .0002 | .8309 | .1691 | . 0001 612 
aR Corn. 6561 | .3436 | .0003 | . 7961 | . 2039 | . 0001 607 
t a Corn. 6485 | /3512 | /0003 | :7803 | 2196 | :o001 | 605 
) =e Corn 6476 | .3521 | .0003 | .7785 | .2214 | .0001 605 
3602..------ Corn. : .6471 | .3526 | .0003 | .7775 | . 2224 | .0001 605 
18 REE! Bale ea eRe eeRS ; . 6411 | .3585 | .0004 | . 7656 | . 2343 | .0001 603 
16 ee Jena OG2 . . 6304 | .3693 | .0004 | .7449 | . 2550 | . 0001 601 
aE eee gn .427. | .6297 | .3699 | .0004 | . 7437 | . 2562 | . 0001 601 
sy muA.-..- NBS ‘oni 4. 5758) (eae .354 | .6137 | .3858 | .0006 | . 7149 | . 2849 | . 0001 597 
eR cats Corn. Y5 .463 | .6059 | .3935 | .0007 | .6997 | .3002 | .0002 596 
er ae Corn. 540 | .5984 | 4009 | . 0007 | .6893 | .3105 | .0002 595 
n, OD Shas Sa Corn. .555 | .5852 | .4138 | .0010 | .6685 | .3312 | .0002 592 
ee Corn. 330 .370 | .5801 | .4151 | .0048 | .6627 | .3361 | .0011 591 
ve na Corn. "612 | 15776 | 4212 | 0012 | |6571 | 13426 | {0002 | 590 
v0 sie Corn. ¥3.0 .592 | .5755 | .4233 | .0012 | . 6540 | . 3457 | . 0003 590 
ee 2 eT aS! .651 | .5724 | .4262 | .0014 | 6494 | .3503 | .0003 589 
on RES - 2 «ot ae .488 | .5583 | .4295 | .0122 | .6347 | .3625 | . 0028 587 
ae <<" Se 5 ° RRS .725 | .5541 | .4436 | .0023 | .6240 | .3755 | .0005 536 
r0- hina Sea ee 873 | .5065 | .4723 | .0212 | 5710 | .4246 | .0044 580 
of Clear...----| (Colorless glass) Source 2, 840° K| .920 | .4476 | .4075 | .1449 | .5434 | .4239 | .0327 
10 gaa Corn. 557, 284%_..............- . 567 | .4030 | .3907 | . 2063 | .5086 | .4441 | .0474 
OD oo as ew oe A, ae .490 | .3881 | .3829 | .2290 | . 4973 | .4496 | .0531 
ese Bh ckacns 2 8, eas .429 | .3750 | .3750 | .2500 | .4874 | . 4540 | . 0586 
o479........-- oo & Ra .376 | .3601 | .3649 | .2750 | .4762 | .4584 | . 0653 
"a Corn: 657, 100%...........2.ss- .320 | .3446 | .3527 | .3027 | .4647 | .4621 | . 0732 
sts $456...-.--- 7 Of ee . 294 | .3330 | .3472 | .3198 | .4549 | . 4672 | .0779 
‘ ee ee TT .199 | .2921 | .3078 | .4001 | . 4227 | .4734 | . 1039 
ite eee Corn. 440, 206%.......-.--.---- 269 | .2458 | .4152 | .3390 | .3706 | .5578 | . 0716 
the  Saaee OT SS ere .098 | .3018 | .5288 | .1693 | .4039 | .5655 | . 0306 
ae cS) EE .200 | .3098 | .5734 | .1168 | .4054 | .5747 | .0199 
Ve, | eta a i a .117 | .3182 | .6020 | .0798 | .4085 | .5779 | . 0136 
SRE a .161 | .2906 | .5996 | .1098 | .3911 | .5909 | . 0180 
ces Shea eee 8, Ce .093 | .2742 | .6259 | .0999 | .3795 | .6046 | . 0158 
ter- ......-- "ie a 2 REND .067 | .2446 | . 6643 | .0908 | .3609 | .6255 | . 0137 
6309...-.--- oon. ee SRE: .049 | .2202 | .6929 | .0869 | . 3468 | .6406 | . 0126 
n0d- Re oe amalgams .045 | .1721 | .5442 | . 2837 | .3171 | .6340 | . 0489 
} MA_....- rg 440+-N BS 4306.......---- .082 | .2136 | .5184 | . 2680 | .3442 | .6076 | . 0482 
rely Rs cacwa ~ ef ae ; .1855 | .3755 | .4390 | .3220 | .5805 | .0975 
§ 18 ae 2 LS. . Se y 1510 | .1202 | .7288 | .2595 | .4591 | . 2814 
cine Oe BON FOI a bcnsiwininntnn ce c - 1439 | .0846 | .7715 | .2391 | . 4203 | .3316 | Tr , 
3 On (aR i laa eR } . 1473 | .0728 | .7799 | .2406 | .4100 | . 3494 | 7 ‘OF 
The ae Corn 66 20..........-...-.,- 3 . 1464 | .0550 | . 7986 | . 2327 | .3865 | .3868 | pur- 
SRSA Corn. 554, 24.8% 1465 | .0432 | .8104 | .2281 | .3682 | .4037 | ples 
red- =e Corn. 554, 18.4% 1483 | .0360 | .8157 | . 2282 | .3534 | . 4184 
The eee Corn. 554, 14.4% 1497 | .0325 | .8178 | . 2294 | .3450 | . 4256 
a ee 1550 | .0224 | .8226 | .2351 | .3172 | .4476 | 0.000 
le 1, Corn. 655, 127%.........-..-.-- 1596 | .07 7606 | . 2626 | .4022 | .3352] 071 
le- Kopp no. 2, 1.35 mm 1718 | . 1004 78 | .2861 | .4125 | .3014 .110 
rp Corn. 555, 27.7% 1661 | .0325 | .8014 | . 2606 | .3180 | . 4214 123 
Kopp no. 2, 1.60 mm.. 1683 } .0683 | .7633 | .2741 | .3745 | .3514 132 
Corn. 585, 37%--.....- 1657 | . 0348 | .7995 | . 2605 | .3230 | . 4165 132 
Corn. 555, 20.6% ; . 1666 | . 0270 | . 8054 | .2598 | .3064 | .4338 | .158 
Kopp no. 2, 1.93 mm_..........- . 0053 | . 1686 | .0494 | .7820 | .2701 | .3443 | . 3856 . 159 
-| Kopp no. 2, fren . 0032 | .1731 | .0381 | .7887 | .2755 | .3171 | .4074 . 235 
Kopp no. 2, 2.89 mm..........- .0019 | . 1807 | .0322 | .7871 | .2887 | . 2929 | . 4183 . 340 
Kopp no. 2, 3.12 mm........... .0015 | .1830 | .0306 | .7863 | .2931 | .2857 | .4212 | . 368 
Kopp no. 2, 5.83 mm..........- 0004 | . 2055 | .0275 | . 7670 | .3381 | .2395 | . 4224 . 664 
(See previous RRO, CO SERRE SCS IEES, See I BREN ES 1. 000 
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In further reference to the change in the appearance and chromatic- 
ity of the signal lights, when compared under actual service conditions 
and under standard laboratory conditions, it was noted qualitatively 
(by memory comparison) during the course of this investigation that 
on the range the orange and orange-yellow signals appeared less satu- 
rated and slightly shifted in hue toward the yellow. Similarly, it was 
observed that the greens under service conditions decreased consid- 
erably in saturation and the normal hue difference between the 
greens and blues was considerably reduced. In this connection it may 
be noted also that the progressive spreading of the signals through the 
green and blue results in a corresponding progressive decrease in 
retinal illumination for these signals. Since this decrease would be 
greater for the shorter wave lengths it is possible that this aberration 
effect may result in a slight hue shift of the less saturated blues 
toward the green. 

The combined effects of decreasing field size and retinal illumination 
on the saturation of the pure spectrum colors was investigated experi- 
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FicureE 3.—Luminous transmission of purple filters. 


mentally by Purdy." For such changes in observational conditions it 
was found that the color differences between the various parts of the 
spectrum were greatly reduced until the threshold of chromatic visi- 
bility was reached, below which all parts of the spectrum except the 
long-wave end appeared achromatic or gray. The long wave end 
changed with decreasing retinal illumination from strong to weak red, 
but at the threshold of chromatic visibility passed directly from weak 
red to complete invisibility. This region has the lowest chromatic 
threshold with respect to retinal illumination and is followed in 
increasing order of the threshold by parts which normally appear 
orange, yellow, and blue. Green exhibits the highest chromatic 
threshold, and in the present investigation green signals appeared 
greatly desaturated at low intensities on the test range. Some of the 
field observations to be described were made for retinal illuminations 


11D. MeL. Purdy, On the saturation and chromatic thresholds of the spectral colours, Brit. J. Psychol. 
(Gen. Sec.) 21, 283 (1931). 
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below and not far above the chromatic thresholds for the red, green, 
blue, and purple signals. 

These considerations afford a qualitative explanation of the diffi- 
culties experienced in the discrimination between greens and blues in 
the present investigation, notwithstanding the wide separation of these 
colors on the diagram in figure 2; for, under service conditions, the 
actual chromaticity difference between these colors is considerably less 
than is indicated on the diagram. The situation may be expressed 
by saying that the locus of the spectrum colors on a uniform-chro- 
maticity-scale diagram, established for actual service conditions, 
would show, relative to the given UCS diagram of figure 2, a slightly 
greater separation between the test colors throughout the orange and 
orange-yellow and a considerably decreased separation between the 
strong greens and blues. Accompanying this change there would be 
undoubtedly a general reduction in the total area included by the 
spectrum locus and the purple line. It will be evident from the ob- 
servations to be described that itis impossible to interpose a distinctive 
‘point”’ signal between the strong blue and the yellow-green signals. 
Another practical difficulty in this connection is involved in the im- 
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CHROMATICITY SCALE 
FigurE 4.—Luminous transmission of filters used in the production of light signals. 


possibility of producing highly saturated blue-greens by use of com- 
mercial colored-glass filters of sufficient luminous transmission. 

The heavy solid line on the (r, g) diagram, passing through the entire 
ranges of the reds, yellows, whites, greens, and blues, is drawn to 
“ae a linear chromaticity scale along which all the test colors may 

e arranged in a logical regular order, and the results of the field ob- 
servations and other information readily presented in graphical form. 
The scale is laid out along the horizontal axes in figures 4 and 6, with 
the spacing of all colors (except the purples) always proportional in 
each figure to their spacing (or projected spacing) along the curve in 
figure 2. At the extreme end of the blues (color 8904) the chromatic- 
ity scale is extended through the purples to the extreme red (color 
3006), with the spacing of colors now proportional to the square root 
of the 7;,/T,, ratio for these colors. This particular spacing for the 
purples is arbitrarily chosen wholly for convenience in the graphical 
representations. 

Figure 4 shows the variation in luminous transmission of all filters 
used in the production of colors along the linear chromaticity scale. 
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Transmissions are represented on a logarithmic scale. The right-hand 
ordinate scale indicates the relative source intensity required behind 
each filter for the production of constant signal intensities. Thus, if 
1-candlepower lamp suffices for the filter producing the white signal, 
about 50 and 100 candles are required, respectively, for the average 
blue and purple filters. : 

A total of 38 observers participated in the recording of the field ob- 
servations. Their distribution with respect to sex, age, and other 
characteristics is shown in table 2. Not all observers were available 
for the color-blindness tests, but the field observations do not show 
any obvious or consistent abnormality between any of the observers 
in the classification of the test colors. All the observers may be re. 
garded as of normal color vision in the ordinary sense of the word, 
Several observers had some previous experience in the matching of 
colors or discrimination between them, but the majority had no ex. 
perience or special training in this respect. In the same test an ob- 
server with no experience whatever was sometimes more consistent 
and precise in the color classification than another with considerable 
experience. There is no evidence that experience is an important 
characteristic of observers for this work. The effect of age was ap- 
parent in the classification of colors for low signal intensities. Those 
above 40 in these tests were the first to fail to see the signals as the 
intensity approached the threshold of visibility. 


TABLE 2.—Description of observers 





Ishihara color-blindness 
test 


Sex Age distribution (years) 





Number of observers . 
} 


| 
Male | Fe i ¥ | 20 to 30| 30 to 40 Not 
' 


Above ’ 
male 40 Passed | Failed tested 




















Tiere eee 29 9 3 | 19| 13 | 3 21 0 ” 





IV. FIELD OBSERVATIONS 


In the assignment of a series of test colors to given color classes by 
a group of normal observers, chromaticity, or hue in particular, is in 
most cases the primary discrimination factor determining the classi- 
fication. In the case of purples the dichromatic hue pattern becomes 
the dominant criterion for recognition. The differential spreading of 
the purple and the monochromatic signal lights is a minor influence 
in this respect. The subjective criterion of chromaticity is modified 
by the following secondary factors and test conditions, which are listed 
below in their estimated order of importance. 

(1) The association, through color education and memory, of 4 
given test color with all adjacent colors included in the test. The 
effect is a maximum when the test colors cover the entire chromaticity 
range between adjacent color classes; it is reduced to a minimum when 
the test colors define only the maximum permissible tolerances in the 
chromaticity ranges of the given color classes. 

(2) The variation in individual color-vision characteristics and 
association tendencies within a group of normal observers. 

(3) The range of signal intensities, or equivalent distances, over 
which the signal colors must be positively identified. 
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(4) The weather conditions affecting atmospheric transmission or 
luminous contrasts in the field of view. 

A systematic survey of the separate effects of each factor on the 
color classifications was impractical under the circumstances of the 
present investigation. Simultaneous uncontrolled variations in con- 
ditions occurred in such manner as often to prevent the true effect 
being derived from the observations. Such information as may be 
gleaned from the whole body of data will appear throughout the 
discussion. 
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Ficure 5.—Distribution of field observations over the range of test colors, observers, 
weather conditions, and signal intensities covered in the present investigation. 


In the selection of the two six-color sets with tolerance limits nearly 
58,000 single color classifications were made by the 38 different ob- 
servers. These observations are included in two series of test runs 
and are distributed among the different test colors, observers, signal 
or source intensities, and weather conditions, as depicted in the dia- 
gram of figure 5. Inasmuch as only a limited number of observations 
and range of test conditions could be included in one run with a given 
group of observers, both series of observations consisted of several 


runs which were made under varying conditions, as indicated in tables 
3, 4, 5, and 6. 
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TaBLE 3.—Arrangement of field observations in series 1, for different color sets, 
signal intensities, and weather conditions 








Signal intensity (candles) Weather 





Colors tested 


Overcast 





3639 (*) 7221 
3651 8461 8756 
3801 8438 8735 
4481 7359 8904 
4451 6313 

8851 





3901A 8494 7359 6313 
3751 8490 6520 6309 
3961 8481 6435 6810 
3972 8472 6531 7324A 
(*) 8461 6318 7221 





3006 3201 3901A 8481 
3031 3521 3751 8472 
3044 3639 3961 8921 
3091 3603 3972 8915 
3096 3602 8494 8910 
3151 3721 8490 9307 9204 

















@ Clear. 
X denotes signal intensity and weather for the run indicated. 
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TABLE 6.—Signal intensities 





SERIES 
SERIES 2 ; 





R oO 0-Y z= w G B P ad 
0.05 0.32 | 0.48 0.63 | 0.40 | 0.07 | 0.008 | 0.004 | gignal 
intensity 
(candles) 
Signal intensity (candles)=source intensity X avg T+. Approxi- | for all 

mately 79 percent of all observations of series 2 were made at colors 

source intensities of 87, 16, and 3 candles 






































« Average luminous transmission of filters. See figure 4. 
+ Source intensities used only for blue and purple of set P. 
¢ Source intensities used only in 1 run for each 6-color set. 


The test colors of series 1 were selected to cover in small steps the 
entire range of chromaticities along the scale in figure 6. The fulfil- 
ment of this condition depended, of course, on the availability of 
suitable colored-glass filters. The chief difficulty in this respect oc- 
curred throughout the blue-green region. However, such breaks as 
occur in the sequence of colors are in regions found to be unsuitable 
for the signal colors. In the classification of this series of colors the 
effect of color association is large, but it was desired to determine 
under this adverse condition the regions of maximum signal efficiency 
for all members of the two six-color sets. In the observations of 
series 2 these selected regions were reduced considerably and the limits 
adjusted to define the maximum acceptable tolerance ranges for 
members of each six-color set. 


1. CLASSIFICATION OF TEST COLORS, SERIES 1 


In test 1, series 1 (table 3), the range of the purples, oranges, and 
yellows was covered in small steps, but only three representative 
colors were included in each of the red, white, green, and blue color 
classes. Observers were thus free to assign each test color to any one 
of the seven permitted classes. It was desired to indicate in this test 
the best value of 7,/7, for the purples and to select those colors which 
the observers as a group most consistently chose to identify as orange 
and yellow in distinction from red and white. In test 2 the colors 
were chosen with the specific purpose of determining the best green and > 
the extent of this color region most suitable for use on equal terms 
with yellow, white, and blue. In test 3 the colors were spaced to cover 
more uniformly all classes except the green, which was omitted only 
to reduce the total number of colors in the test. Some variation in 
observers and weather occurred in these tests, but in each run all sig- 
nals appeared at the same intensity level, so that all signals had the 
same intensity advantage in the classification. The effect of the 
number of permitted color classes was apparent in these tests. Be- 
cause of the absence of green in test 3 and the elimination of this 
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possible classification it was found that the errors in the classification 
of the whites were thrown more to the blue in this test than they were 
in tests 1 or 2. The reverse effect was shown in the classification of 
the blues. Similarly, in test 2, the absence of red and orange caused 
the classification of the end yellows to be more perfect than the 
would have been had the orange and red classifications been permitted, 
In general, the colors called orange and yellow were Jess saturated in 
test 1 than in test 3. 

Taking these variations and all test conditions into consideration, 
a weighted average of al! observations in series 1 was made, and 
adjusted so that the numbers representing different classifications of 
each color summed to 100 and defined the smooth continuous curves 
shown in the lower part of figure 6. 

The following remarks are based on the results of this series of tests: 

(1) Purples in the range between 9206 and 9204 contain the best 
proportion between red and blue. On the whole these purples are 
quite positively identified by all observers under the most adverse 
conditions of observation, provided the signal intensity is comparable 
with that of the other colors, as it was in this series of tests. Purples 
are, naturally, most often confused with red and blue. This is par- 
ticularly the case for observers who do not completely resolve the 
blue and red components of purple and hence must discriminate be- 
tween blue, purple, and red without full benefit of the aberration 
effect. Bluish purples are also slightly confused with white and green 
by a few observers. 

(2) It is seen, conversely, that a strong blue (8904) or a strong red 
(3006) may be erroneously classified as purple, even though the blue 
signal contains no long-wave light and the red signal contains no short- 
wave light. Hence, a signal system including red, blue, and purple 
must limit the hue of the red and blue on the purple side and avoid 
low limits of signal intensity. 

(3) A highly saturated ‘‘sextant”’ green (6318 to 6309) is required for 
maximum possible distinctiveness from a saturated blue or from white. 
The discrimination between white, green, and blue becomes unsatis- 
factory in passing from the sextant green to the blue-greens (7359 and 
7221) of the type commonly employed in street and railroad signals. 
It is apparent that the saturated colors in the neighborhood of 6810, 
6318, and 6309 must be employed in a signal system wherein blue 
enters on equal terms with green and white. The discrimination 
between green and white is good until the saturation of the green 
decreases to that of color 6435, approximately. 

(4) The orange and yellow are definitely the least distinctive colors 
of this seven-color set, showing the maximum confusion between one 
another and with the adjacent red and white. It is noted that the 
points of maximum confusion between orange and yellow and between 
red and white are both in the neighborhood of 600 my on the wave 
length scale, which is also the wave length found by Guild ” to repre- 
sent the (homogeneous) spectrum color most efficiently discriminated 
from spectrum red and the “white” of a paraffin lamp. Thedash-line 
curve in the figure is the sum of the ordinates for the orange and 
yellow and is drawn on the assumption that it would represent the 
field observations if only one color class had been permitted betweet 


12 J. Guild, On the selection of a suitable yellow glass for railway signals, Proc. Int. Cong. Ilum., Saranae 
Inn, N. Y., p. 862-887 (September 1928). 
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red and white. Actually, however, under the latter condition, the 
effect of color association would be undoubtedly to decrease the 
lateral extent and height of the orange-yellow curve and increase the 
spread of both the red and white classifications. We may tentatively 
choose that region centered approximately at 600 mu as the best 
color for use in a low-intensity point-signal system employing but one 
color between red and white. It determines the orange-yellow of 
set P, as defined in section I. 

(5) The discriminating criterion for white in the classification is the 
absence of any perception of hue. Errors in the classification are 
therefore distributed between adjacent yellow, green, blue, and purple 
classes. The slight tendency toward purple is unimportant and arises 
chiefly from the aberration effect for white, as previously described, 
which was experienced only by a few new observers, who soon learned 
to avoid this error. 


2. CLASSIFICATION OF TEST COLORS, SERIES 2 


The field observations described above determine the distribution 
of eight given color classes along the linear chromaticity scale in figure 
6, and locate positions of maximum efficiency for use as signal colors 
under the given test conditions. These central regions are now re- 
grouped to form the two six-color sets as indicated in table 7. In the 
following observations of series 2, chromaticity ranges for each color 
class in both sets are considerably narrowed. Comparable observa- 
tions are then made alternately for each set of signal lights, in accord- 
ance with the scheme indicated in tables 4 and 5. The number of 
correct answers in the classification of each test color in each run is 
represented by a filled circle in the upper part of figure 6. Straight 
lines connect the test colors of each class used in a given run. 


TABLE 7.—Designation of signal colors 





| 
Set P.......| Red-_...-- White... oan 3 Blue.... 











Set O.......| Red_....- Yellow_-.. White....| Green_...| Blue.... 
| 





The observations of series 2 were made with fixed source intensities 
for each run, instead of with fixed signal intensities, as employed in 
series 1. This was done in conformity with service conditions in which 
the colored cover glasses or globes would be used with lamps of approxi- 
mately the same candlepower. Relative signal intensities are then 
proportional, respectively, to the luminous transmissions of the cover- 
glass filters; and the actual signal intensities are given in table 6 for 
the fixed source intensities listed in tables 4 and 5, and in column 1 of 
table 6. For comparison, the signal intensities of series 1 are repeated 
in the last column of table 6. 

Three different source intensities were generally employed in each 
run, corresponding, effectively, to three different distances between 
source and observers. These equivalent distances, for a fixed 6-p 
source intensity, may be read on the upper scale of abscissas in figure 
9. One run for each set was made at very low source intensities 
(3, 0.6, and 0.13 cand'es), and the corresponding classification data 
are represented by the dash lines in figure 6. The dash lines for the 
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purple fell below the boundary of the diagram. Signal intensities 
were in this case well below the chromatic threshold of visibi.ity for 
the majority of observers at 950 feet from the source. This was also 
the case to a lesser degree for some observers in the blue, green, and 
red. All data represented in figure 6 exclude such cases in which no 
color classification of the signals was possible because of low intensity. 

It is seen that the reduction in the chromaticity range of the test 
colors for each class has markedly increased the distinctiveness of 
each signal. The effect of color association is greatly reduced. Again, 
as in series 1, we find the orange and yellow of set O to be the least 
distinctive of the signal colors, but the orange-yellow of set P is quite 
satisfactory in this respect. ; 

The observations of series 2 comprise 66 percent of the total and 
were made several months after series 1 was completed. Reference 
to figure 5 shows that the 11 out of 38 observers who participated in 
both series of tests also made 74 percent of all the observations. The 
range of signal intensities was greater in series 2 and very much 
higher throughout the orange, yellow, and white (table 6). A later 
analysis of the field observations (section V) will show that the sig- 
nals throughout the orange and yellow tend to shift toward the red 
at higher intensities. This intensity shift is manifested in figure 6 
by a slight countershift to the white in the position of maximum 
distinctiveness for the orange, orange-yellow, and yellow of series 2. 
Arrows in the figure (for series 2) indicate tolerance ranges adopted 
for the signal colors in each set. With due consideration for the 
intensity shift it is seen that both series of field tests are essentially 
in agreement with respect to the choice of the region of maximum 
efficiency for each signal color. <A shift of the purple limits towards 
the blue was found to be feasible to gain the advantage of higher 
luminous transmission in the filters. 


V. EFFECT OF SIGNAL INTENSITY ON COLOR 
DISCRIMINATION 


The effects of varying weather conditions on the appearance and 
color classification of the signals is manifested chiefly through a 
corresponding variation in the absolute and spectral atmospheric 
absorption and scattering. In the present investigation no absorp- 
tion or scattering measurements were made and only 7 percent of all 
field observations were recorded under weather conditions for which 
any marked selective effect would be expected on a test range of 950 
feet. Under the most adverse weather conditions of the present field 
tests a greater spread in the classification of the signals was observed, 
but any change in the color classification which might be attributed 
to selective atmospheric absorption or scattering was small, if present 
at all, and could not be differentiated definitely from the more pro- 
nounced effects of the reduced signal intensity. 

If a given test signal is assumed nominally to belong to a particular 
color classification, say orange, it is shown by the curves in the lower 
part of figure 6 that the classification by the group of observers is 
unequally distributed between the nominal and adjacent color classes. 
For present purposes some convenient parameter is required to indi- 
cate the shift in this color classification with changing signal intensity. 
Such an indication, for a given test color, is afforded by the percentage 
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of unbalanced errors to the left, or to the right, of the nominal classi. 
fication. The left and right sense is herein referred to corresponding 
directions along the chromaticity scale of figure 6. Thus, a 100-per. 
cent shift to the left for color 3523, which is nominally orange, would 
throw this color wholly into the red classification. The effect of 
signal intensity on the shift in color classification is represented 
graphically in figures 7 and 8. 

The most pronounced effect with increasing signal intensity is the 
general shift toward the red in the orange and yellow. The greater 
magnitude of the shift for the observations of series 1 (fig. 7) is con- 
sistent with the greater spread or uncertainty in the classification of 
these colors at a given intensity level. The spread or confusion in 
the classification actually increases from medium to highest signal 
intensities (fig. 8). It was observed by Guild," for a small source at 


ORANGE YELLOW WHITE 


Bite 
31st 


40 20 20 40 20 20 40 40 20 © 20 40 60 
RED + YELLOW ORANGE [> WHITE VELLOWsl> GREEN , BLUE 


BLUE PURPLE 


” 
uJ 
| 
a 
z 
< 
=) 
o 
> 
Ke 
” 
z 
rw) 
re 
z 


216 — FIELD OBSERVATIONS 
310 9203 SERIES 1 
32 


SIGNAL 


20 “6. eb ae 20 Se Oe 2 £0 88 
op owe GAAEn SAUTE o> PURPLE BLUE of RED 


YELLOW 
WHITE 


SHIFT IN COLOR CLASSIFICATION, PERCENT 
Fiaure 7.—Effect of signal intensity on the color classification in series 1. 


1,200 feet, that the best (homogeneous) spectrum yellow for use 
between red and white also shifted away from red with increasing 
signal intensity. The present investigation is in substantial agree- 
ment with Guild in showing that whites are fairly stable over the 
range of intensities investigated with a slight tendency toward yellow 
at lowest intensities. 

Another definite intensity effect is the shift of the saturated greens 
toward the blue for decreasing signal intensities. The less saturated 
green (6322) tends to shift toward the white and yellow. A reverse 
shift from the lighter blues toward green is indicated. Likewise, 
there is a shift of bluish purples toward blue and reddish purples 
toward red. A tendency is noted for reds to: be classed as orange at 
the lowest and highest signal intensities. 


18 J. Guild, On the selection of a suitable yellow glass for railway signals, Proc. Int. Cong. Illum., Sarena 
Inn, N. Y., pp. 862-887 (September 1928). 
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In the observations of series 1 (fig. 7 and table 3) the variations in 
signal intensity occurred from one run to another and were accompanied 
by simultaneous variations in time, associated test colors, weather, 
and observers. In the observations of series 2, on the other hand, 
the intensity effect is completely disentangled from any accompanying 
effects of other test conditions; for a given set of signals was always 
presented (singly) in each run at three different source intensities to 
the same group of observers under the same weather and other test 
conditions (fig. 8, and tables 4 and 5). 


VI. SELECTION OF SIGNAL COLORS AND TOLERANCES 


The range of permissible chromaticity variation for white is deter- 
mined in each of the two six-color sets primarily by the absence of 
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Figure 8.—Effect of source intensity on the color classification in series 2. 


any readily recognized hue by the group of normal observers. Having 
selected suitable limits for white on this subjective basis it is obvious 
that the limits for green and blue may be chosen the same likewise in 
both signal systems. The green (or light) limit for blue is selected 
for minimum confusion with green, and the tolerance permissible 
toward the stronger blue is determined by filter transmission and the 
condition that no excessive confusion with purple occurs in set P. 
These two objects are accomplished with one set of limits. Purple 
limits are chosen to minimize confusion with blue and red and yet 
gain as much as possible in filter transmission. Hence, in the ob- 
servations of series 2, the purple range was shifted as far as practicable 
toward the blue; that is, to tower values of 7;,/T;, (fig. 3)... Likewise, 
to gain the maximum advantage in fi-ter transmission, red may be 
shifted farther toward the orange in set P than in set O, but the purple 
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(or dark) limit is again determined by confusion with purple and low 
filter transmission. The chromaticity tolerances to be permitted in 
practice must be decided also in relation to manufacturing problems 
for the colored glassware, and minimum ranges employed in the tests 
of series 2 were chosen with due consideration to such restrictions, 
The choice was guided in this respect by the experience of manufac. 
turers in the supply of signal glass for American railroads. 

It has been shown that the orange and yellow of set O are the least 
distinctive of all the signa! colors. The discrimination between red, 
orange, yellow and white might be improved somewhat by further 
reducing the permissible tolerances in the orange and yellow; but this 
would markedly increase the cost of the glassware and would then 
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Ficure 9.—Relation of signal efficiency to source intensity, or equivalent distance. 


not yield the degree of distinctiveness readily attainable in set P 
with but one color, the orange-yellow, interposed between red and 
white. Further reduction in permissible tolerances for the orange 
and yellow is also limited effectively by observer variations and the 
intensity effect. The variation between observers within the group 
is greatest in this chromaticity region; the individual’s criterion for 
the classification is less stable. Narrow limits chosen for low signal 
intensities would require an appreciable shift toward the white at 
high intensities—for the same signal efficiency. Thus, no real ad- 
vantage may be expected from further reduction in the chromaticity 
tolerances for orange and yellow. The range of the orange-yellow in 
set P may be made sufficiently broad to meet all practical require 
ments and yet maintain a satisfactory signal efficiency for the group 
of observers over the required intensity (or distance) range. It may 
be noted also, as shown in figure 9, that the signal efficiency of the 
orange and yellow does not improve for the higher signal intensities, 
so that an identification error made under actual service conditions 
—_ not be corrected necessarily by a closer approach to the signal 
ight. 
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On the whole, these considerations all lead to the elimination of 
orange and the final choice of the set P colors as yielding the six-color 
system of highest efficiency under the prescribed service conditions, 
The source intensity for the purple signal must be sufficient, however,’ 
to gain the required distance range. The limits selected for the 
orange-yellow are based on the assumption that a low source intensity 
will be used so that the signal intensity is roughly comparable with 
the other signals in this respect, in accordance with the field tests of 
series 1. They should be shifted slightly to the right if the signal 
intensities of series 2 prevail in practice. 

The limits selected for each signal on the special chromaticity scale 
are listed in table 8. The minimum source intensity for each signal 
light, for efficient color identification over the 950-foot range, is esti- 
mated from the data in figure 9 and also recorded in table 8. In the 
last column of this table these source intensities are reduced to equiva- 
lent signal intensities for a 1,500-foot range, using the average trans- 
mission values from figure 4 and the inverse-square law of photometry. 


TasBLeE 8.—Chromaticity tolerances and minimum signal intensiiies recommended 
for signal colors 
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It is evident that the experimental results of the present investi- 
gation do not define complete boundaries of regions on the color 
diagram of figure 2, within which a two-dimensional chromaticity 
variation is permissible for each signal color. In particular, con- 
siderable latitude in this respect is permissible in the establishment 
of such boundaries for the green. Only the intersections of such 
Tegions with the special linear chromaticity scale are roughly indi- 
cated in the present paper. Thus, only one yellow and one blue 
limit is suggested for the green. The lowest practical transmission 
for the filter used will determine the high saturation limits for this 
region, which is consistent with the maintenance of suitable signal 
intensities. All other signal colors of the system may be limited, 
by practical considerations in the choice of filters, to narrow strips 
centered along the linear chromaticity scale. 


106351—36——12 
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It is beyond the scope of the present paper to set up complete 
definitions for such chromaticity regions. The exact definitions, 
when incorporated in master specifications, will involve the choice 
of some particular coordinate system and simple analytical descrip. 
tions of the boundaries. These boundaries also may be adjusted to 
some degree to accommodate the colorimetric properties of such 
colored glassware most readily obtainable from manufacturers. Work 
is in progress on the formulation of such master specifications and 
simplified working specifications in terms of specific physical proper- 
ties of the source and glassware."* 


WasuHinaton, August 21, 1936. 


1 Such master specifications and simplified working specifications for the signal colors and glasses used on 
American railroads have already been formulated and are incorporated in AAR (Association of American 
Railroads) Signal Section specification 69-35, officially approved and issued by the AAR in Dec. 1935 
The National Bureau of Standards cooperated in this investigation with the AAR Signal Section and with 
Corning Glass Works. The Bureau’s work leading up to this specification is described in a series of reports 
by K. S. Gibson and Geraldine K. Walker, published in Signal Section proceedings, Am. Railway Assogi- 
ation, 30, no. 2, 441 (1933). Requests for copies of specification 69-35 and the Proceedings should be ad. 
dressed to R. H. CO. Balliet, Secretary, AAR Signal Section, 30 Vesey Street, New York, N. Y. 
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